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Abstract— Demersal  sharks  and  rays 
are  common  yet  vulnerable  compo- 
nents of  the  bycatch  in  tropical  bot- 
tom-trawl fisheries.  Little  is  known 
about  the  elasmobranch  assemblages 
associated  with  most  of  these  fisher- 
ies, particularly  within  the  eastern 
tropical  Pacific.  This  study  charac- 
terized the  elasmobranch  assem- 
blage associated  with  the  shrimp 
trawl  fishery  along  the  Pacific  coast 
of  Costa  Rica.  Between  August  2008 
and  August  2012,  346  trawl  hauls 
were  conducted  at  depths  of  18-350 
m.  These  hauls  resulted  in  a sample 
of  4564  elasmobranchs  from  25  spe- 
cies and  13  families.  The  Panam- 
ic  stingray  (Urotrygon  aspidura ), 
rasptail  skate  (Raja  velezi),  brown 
smoothhound  ( Mustelus  henlei ),  and 
witch  guitarfish  (Zapteryx  xyster ) ac- 
counted for  more  than  66%  of  the 
elasmobranch  abundance  within  the 
bycatch.  Depth  was  the  main  factor 
influencing  the  elasmobranch  assem- 
blage; species  richness  was  signifi- 
cantly higher  at  depths  <100  m than 
at  other  depths.  Two  groups  of  elas- 
mobranchs were  identified:  the  first 
was  found  in  shallow  waters  ( <50 
m),  and  the  second  was  observed 
at  depths  of  50-350  m.  Sex  and 
size  segregation  patterns  are  also 
influenced  by  depth.  Moreover,  we 
documented  the  shift  of  the  bottom- 
trawl  fishery  toward  shallow-water 
resources — a change  that  could  be 
problematic  considering  that  elasmo- 
branch diversity  is  higher  in  shallow 
waters. 
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Overfishing  and  habitat  degradation 
have  caused  significant  declines  in 
elasmobranch  abundance  (Dulvy  et 
al.,  2008;  Ferretti  et  ah,  2008;  Dulvy 
et  al.,  2014).  Most  of  the  global  elas- 
mobranch catch  is  incidental  and 
originates  from  fisheries  that  target 
higher-valued  teleosts  or  crustaceans 
(Stevens  et  al.,  2000;  Walker,  2005; 
Wehrtmann  et  ah,  2012;  Worm  et 
ah,  2013).  In  general,  elasmobranch 
bycatch  is  not  regulated  or  even  re- 
ported, especially  in  developing  coun- 
tries (Barker  and  Schluessel,  2005; 
Cheung  et  ah,  2005;  Walker,  2005). 
Furthermore,  sharks  and  rays  tend 
to  exhibit  slow  growth  rates,  late  ma- 
turity, and  low  fecundity,  and,  there- 
fore, they  have  a low  resilience  to  in- 
tense fishing  pressures  (Cortes,  2000; 
Dulvy  and  Reynolds,  2002;  Frisk  et 
ah,  2005).  The  severity  of  this  issue 
increases  in  the  tropics  as  a result 
of  the  interaction  between  a high 


diversity  of  elasmobranch  species 
and  data-deficient  fisheries  (Barker 
and  Schluessel,  2005;  Cheung  et  ah, 
2005;  White  and  Sommerville,  2010). 

Several  studies  conducted  in  the 
tropics  have  reported  large  declines 
in  the  abundance  of  demersal  elas- 
mobranchs associated  with  bottom- 
trawl  fisheries  (e.g.,  Thailand:  Ste- 
vens et  ah,  2000;  Australia:  Graham 
et  ah,  2001;  Gulf  of  Mexico:  Shepherd 
and  Myers,  2005).  Nevertheless,  elas- 
mobranch bycatch  has  been  poorly 
studied  in  many  tropical  regions,  in- 
cluding the  Eastern  Tropical  Pacific 
(ETP;  from  Mexico  to  Peru),  where 
abundance  trends  remain  unclear 
(Mejla-Falla  and  Navia1;  Lopez-Mar- 


1 Mejia-Falla,  P.  A.,  and  A.  F.  Navia  (eds.). 
2011.  Estadlsticas  pesqueras  de  tibu- 

rones  y rayas  en  el  Paclfico  Colombiano. 

Documento  tecnico  Fundacion  SQUA- 
LUS  No.  FS0111,  70  p.  [Available  at 

website.] 
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tinez  et  al.,  2010;  Clarke  et  al.,  2014).  The  best  infor- 
mation available  is  obtained  from  the  Pacific  coast  of 
Colombia,  where  significant  changes  in  elasmobranch 
species  composition  and  abundance  have  been  detected 
since  the  1990s  (Mejia-Falla  and  Navia1).  Other  coun- 
tries, such  as  Mexico  (Lopez-Martlnez  et  al.,  2010), 
have  basic  information  that  is  limited  to  species  lists 
and  short-term  relative  abundance.  In  the  remaining 
countries  of  the  ETP,  even  this  basic  information  is  not 
available.  Scarcity  of  published  data  has  hindered  at- 
tempts to  estimate  the  effect  of  shrimp  trawl  fisheries 
on  the  elasmobranch  assemblage  in  the  ETP  (Espinoza 
et  al.,  2012;  Espinoza  et  al.,  2013;  Clarke  et  al.,  2014). 

The  commercial  shrimp  trawl  fishery  of  Costa  Rica 
operates  exclusively  along  the  Pacific  coast,  in  shallow- 
water  and  deepwater  areas  (Wehrtmann  and  Nielsen- 
Munoz,  2009).  The  shallow-water  (<100  m)  fishery 
began  in  the  1950s,  but  the  rapid  depletion  of  coastal 
resources  forced  the  fleet  to  expand  their  oprations 
toward  deeper  waters  by  the  1980s  (Wehrtmann  and 
Nielsen-Munoz,  2009).  The  shrimp  trawl  fishery  in  Cos- 
ta Rica  has  elevated  bycatch  rates  of  up  to  93%  of  the 
total  biomass  catch  (Wehrtmann  and  Nielsen-Munoz, 
2009;  Arana  et  al.,  2013).  Moreover,  the  results  of  a 
long-term  (2004-2012)  fishery-independent  monitoring 
program  indicate  that  a shift  has  occurred  in  the  over- 
all structure  of  the  demersal  community  of  Costa  Rica 
(Wehrtmann  and  Nielsen-Munoz,  2009;  Hernaez  et  al., 
2011;  Wehrtmann  et  al.,  2012;  Espinoza  et  al.,  2012, 
2013).  Changes  in  elasmobranch  abundance  associated 
with  this  shift  remain  poorly  understood,  given  that 
this  monitoring  program  was  designed  to  study  deep- 
water shrimp  resources  and  the  crustacean  bycatch  as- 
sociated with  the  fisheries  that  target  them. 

Together,  the  lack  of  biological  information  and 
the  unreliability  or  nonexistence  of  landing  statistics 
have  limited  the  development  of  sustainable  manage- 
ment practices  and  conservation  strategies  for  elasmo- 
branchs  in  Costa  Rica.  Given  the  fishery’s  current  man- 
agement framework  is  poorly  enforced,  the  sustainabil- 
ity and  environmental  impacts  have  become  a serious 
concern.  Concern  regarding  the  effect  of  this  fishery 
culminated  in  a constitutional  judgment  (Sentence  No. 
2013-10540),  enacted  by  the  government  of  Costa  Rica 
and  that  prohibited  the  Costa  Rican  Institute  of  Fish- 
eries and  Aquaculture  (INCOPESCA)  from  granting  or 
renewing  commercial  shrimp  trawl  licenses.  All  current 
licenses  for  this  fishery  are  set  to  expire  in  2018,  and 
an  ongoing  national  decision  process  will  eventually 
define  the  legal  framework  requirements  for  any  sus- 
tainable shrimp  trawling  in  Costa  Rica. 

According  to  the  Code  of  Conduct  for  Responsible 
Fisheries,  the  effects  of  a fishery  on  an  ecosystem 
should  be  accounted  for  in  management  policies  (FAO, 
1995).  In  data-deficient  situations,  information  on  by- 
catch  may  provide  estimates  of  a fishery’s  effects  on 
an  ecosystem.  We  aimed  to  characterize  the  relative 
composition  of  elasmobranch  bycatch  associated  with 
the  data-poor  shrimp  trawl  fishery  of  Costa  Rica.  More 
specifically,  we  examined  1)  elasmobranch  distribution 


patterns  in  relation  to  geographic  position,  depth,  year, 
season,  and  diel  period;  2)  the  relationship  between 
depth  and  number  of  elasmobranch  species;  3)  sex  and 
size  segregation  patterns  of  the  most  common  elasmo- 
branch species;  4)  the  effects  of  latitude,  depth,  season, 
year,  and  sampling  type  on  elasmobranch  species  com- 
position; and  5)  and  a comparison  of  our  results  of  spe- 
cies composition  with  those  from  historical  data.  This 
baseline  information  on  the  demersal  elasmobranch 
assemblage  of  Costa  Rica  will  enable  an  examination 
of  the  effects  of  management  strategies  to  be  imple- 
mented in  the  near  future. 


Materials  and  methods 

Study  area 

The  Pacific  coastline  of  Costa  Rica  is  highly  irregular 
and  is  approximately  1254  km  long,  borders  3 large 
gulfs  and  a continental  shelf  that  together  cover  an 
area  of  15,600  km2  (Fig.  1;  Wehrtmann  and  Cortes, 
2009).  Costa  Rica  has  pronounced  rainy  (May-Novem- 
ber)  and  dry  (December-April)  seasons  (Fiedler  and 
Talley,  2006).  Although  temperature  remains  relatively 
constant  across  seasons  (27-30°C),  coastal  productivity 
along  most  of  the  central  and  southern  Pacific  coast 
increases  during  the  rainy  season  as  a consequence  of 
nutrient  input  from  the  largest  rivers  in  this  country: 
the  Tempisque,  Tarcoles,  and  Terraba  rivers  (Fiedler 
and  Talley,  2006;  Wehrtmann  and  Cortes,  2009). 

The  northern  Pacific  coast  is  characterized  by  strong, 
seasonal  upwelling  between  December  and  February 
and  by  a limited  freshwater  input  resulting  from  the 
absence  of  large  rivers  (Jimenez,  2001;  Fiedler,  2002). 
The  coast  of  the  central  Pacific  region  is  influenced  by 
2 large  estuarine  systems,  the  Golfo  de  Nicoya  and  the 
Terraba-Sierpe  delta;  both  estuaries  have  large  man- 
grove forests  in  close  proximity  to  coral  communities 
or  rocky  reefs  (Quesada-Alpizar  and  Cortes,  2006). 
The  southern  Pacific  coast  has  a very  steep  continen- 
tal slope  and  includes  the  Golfo  Dulce  tropical  fjord 
(Quesada-Alpizar  and  Cortes,  2006). 

Sampling 

Sampling  effort  was  concentrated  near  the  main  fishing 
port,  Puntarenas,  located  in  the  northern  Pacific  region 
(Fig.l).  Data  for  this  study  were  collected  from  3 types 
of  surveys:  1)  deepwater,  2)  monitoring,  and  3)  com- 
mercial (Fig.  1).  Sampling  depth  range  was  divided  into 
shallow  (<50  m),  intermediate  (50-100  m).and  deep 
(>100  m).  Bottom  trawls  were  carried  out  exclusively  on 
soft  sand  or  mud  because  of  sampling  gear  limitations. 

Deepwater  surveys  were  conducted  annually  along 
the  entire  Pacific  coastline  of  Costa  Rica  to  examine 
the  bycatch  associated  with  the  deepwater  shrimp 
trawl  fishery.  A total  of  4 deepwater  surveys  were  con- 
ducted, 2 during  the  rainy  season  (August  2008  and 
May  2009)  and  2 during  the  dry  season  (March  2010 
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Figure  1 

Map  of  the  geographic  regions  and  sampling  locations  for  elasmo- 
branch bycatch  along  the  Pacific  coast  of  Costa  Rica,  Central  America, 
during  2010-2012.  Solid  lines  represent  the  50-m,  200-m,  and  500-m 
depth  contours.  Dotted  lines  represent  the  boundaries  of  the  central 
Pacific  region. 


and  February  2011).  These  surveys  followed  a system- 
atic sampling  design,  in  which  15-min  trawl  hauls  were 
conducted  at  3 different  depths:  150,  250,  and  350  m. 
Hauls  were  conducted  in  areas  where  shrimp  were 
expected  to  be  caught.  Strict  grids  were  not  used  to 
determine  sampling  sites  in  order  to  respect  marine 
protected  areas  but  were  distributed  as  evenly  as  pos- 
sible along  the  coast. 

Monitoring  surveys  were  part  of  a program  designed 
to  analyze  crustacean  bycatch  and  were  carried  out  on 
a monthly  basis  between  2010  and  2012;  they  consisted 
of  one  nocturnal  and  one  diurnal  set  of  four  20-min 
trawl  hauls  conducted  at  depths  of  approximately  100, 
140,  180,  and  220  m (Fig.  1).  The  location  of  each  haul 
was  determined  by  the  vessel’s  captain;  therefore,  the 
majority  of  the  sampling  effort  was  concentrated  in 
shrimp  fishing  grounds  in  the  central  Pacific  region 
(Fig.  1).  These  sampling  stations  were  chosen  because 
of  their  general  proximity  to  the  main  port  of  Pun- 
tarenas  and  their  high  probability  of  yielding  large 
catches  of  shrimps,  according  to  the  captain’s  previous 
experience. 

Commercial  sampling  was  carried  out  during  the 
same  trips  as  those  conducted  by  the  monitoring  sur- 
veys. Commercial  sampling  points  were  not  selected  on 
the  basis  of  a systematic  grid;  instead,  sampling  oc- 
curred at  locations  where  the  captain  had  previously 
targeted  shrimps.  Sampling  occurred  on  a monthly 
basis  from  April  2010  to  August  2012  and  includ- 


ed trawl  hauls  conducted  at  depths  of  18- 
350  m. 

Sampling  for  all  3 surveys  was  carried  out 
aboard  commercial  shrimp  trawlers  (22.5  m), 
equipped  with  a 270-hp  engine  and  2 standard 
epibenthic  nets  (20.5  m long;  mouth  opening 
of  5.35x0.85  m;  mesh  size  of  4.45  cm;  and  co- 
dend  mesh  size  of  3.0  cm).  Trawl  speed  varied 
between  2.1  and  5.7  km/h  during  all  surveys. 
Information  recorded  for  each  trawl  haul  in- 
cluded geographic  coordinates  (latitude  and 
longitude),  depth  (measured  in  meters  with  an 
installed  sonar),  and  trawl  duration  (defined 
as  the  time,  in  minutes,  during  which  the  net 
was  on  the  bottom). 

Elasmobranchs  were  identified,  classified 
according  to  sex,  measured  (total  length  [TL] 
for  sharks  and  disc  width  [DW]  for  rays),  and 
weighed  (total  weight  [TW])  (Bussing  and 
Lopez,  1993;  Compagno  et  al.,  2005).  Maturity 
stage  was  assessed  by  macroscopic  examina- 
tion of  the  reproductive  tract  (Conrath,  2005; 
Clarke  et  al.,  2014). 

General  abundance  and  distribution  patterns 

The  effects  of  depth,  latitude,  year,  diel  pe- 
riod (day:  0600-1800;  night:  1800-0600), 
and  season  (rainy  and  dry)  on  elasmobranch 
abundance  were  examined  by  using  a delta- 
lognormal  generalized  linear  model  (delta- 
GLM).  This  method  is  commonly  applied  to  zero-inflat- 
ed fishery  data,  which  tend  to  violate  key  assumptions 
of  many  statistical  techniques  (Stefansson,  1996).  The 
delta-GLM  approach  comprised  2 stages:  1)  elasmo- 
branch presence  and  absence  data  were  modeled  by 
using  a binomial  GLM  with  a logit-link,  and  2)  the 
observed  positive  densities  were  modeled  with  a log- 
transformed  positive  subset,  which  was  assumed  to 
be  Gaussian  with  an  identity  link  function.  Because 
of  the  differences  in  the  sampling  design  between  the 
3 survey  methods,  separate  delta-GLMs  were  applied 
to  deepwater,  monitoring,  and  commercial  data.  Total 
elasmobranch  abundance  was  standardized  to  catch 
per  unit  of  effort  (CPUE),  defined  as  the  number  of 
individuals  per  hour  of  trawling. 

For  deepwater  surveys,  the  independent  variables 
considered  in  the  analyses  were  depth,  latitude,  year, 
and  season.  Diel  period  was  excluded  from  the  model 
for  deepwater  trips  because  hauls  were  carried  out  only 
during  the  day.  The  independent  variables  considered 
in  models  for  monitoring  and  commercial  surveys  in- 
cluded depth,  latitude,  year,  season,  and  diel  period.  In 
all  3 models,  depth  and  latitude  were  treated  as  contin- 
uous variables,  and  year,  diel  period,  and  season  were 
treated  as  factors.  In  order  to  avoid  strong  interactions 
between  depth  and  longitude,  depth  and  latitude  were 
used  to  represent  the  geographic  location  of  each  trawl 
survey.  Interactions  between  variables  could  not  be 
considered  because  of  the  small  size  of  the  available 
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data  sets,  although  we  recognize  that  they  would  likely 
be  important  to  consider  should  a larger  data  set  be- 
come available  (Venables  and  Dichtmont,  2004). 

For  each  delta-GLM,  forward  selection  was  used  to 
select  separately  the  binomial  model  based  on  presence 
and  absence  data  and  the  lognormal  model  based  on 
log-transformed  data  for  elasmobranch  CPUE.  The  ef- 
fects that  explained  more  than  5%  of  the  deviance  were 
considered  to  have  a high  explanatory  power  (Tascheri 
et  ah,  2010).  Chi-square  tests  were  run  for  the  binomi- 
al model,  and  F-tests  were  run  for  the  lognormal  mod- 
el. The  performance  of  the  models  was  also  compared 
by  using  Akaike  information  criterion  (AIC).  Analyses 
were  conducted  with  R,  vers.  3.0.2  (R  Core  Team,  2013). 

Patterns  in  species  richness  related  to  depth  were 
explored  with  a nonparametric  test,  Spearman’s  rank 
correlation  coefficient  (p),  because  data  did  not  con- 
form to  a normal  distribution.  In  this  analysis,  the 
independent  variable  was  depth  and  the  dependent 
variable  was  the  average  number  of  species  per  trawl 
haul  (a=0.05).  Data  from  all  survey  methods  conducted 
between  2010  and  2012  were  pooled  for  this  analysis. 
General  patterns  of  sex  and  size  segregation  were  an- 
alyzed in  relation  to  depth  and  diel  period  by  using 
pooled  data  from  all  types  of  survey  conducted  between 
2010  and  2012.  This  analysis  was  undertaken  to  deter- 
mine whether  a larger  proportion  of  females  and  im- 
mature individuals  was  caught  in  shallow  waters.  Diel 
period  was  included  in  this  analysis  to  detect  changes 
in  activity  levels  associated  with  sex  and  maturity 
stage.  Variations  in  the  proportion  of  females  and  im- 
mature individuals  with  depth  range  (<50  m,  50-100 
m,  >100  m)  and  diel  period  (day  and  night)  were  ex- 
amined with  a binomial  GLM  (logit  link)  (Venables  and 
Ripley,  2002).  Only  species  with  at  least  100  individu- 
als were  used  in  this  analysis. 

Elasmobranch  assemblage 

The  importance  of  depth  on  elasmobranch  assem- 
blage was  further  explored  with  PRIMER2,  vers. 6. 2.1 
(PRIMER-E  Ltd.,  Plymouth,  UK).  We  used  data  from 
all  surveys  conducted  in  the  central  Pacific  region  dur- 
ing 2010-2012.  A matrix  was  constructed  with  the 
transformed  species  CPUE  per  haul  in  columns  (log 
[(individuals/hour )+l] ) and  depth  ranges  in  rows.  To 
reduce  the  influence  of  extremely  abundant  species, 
CPUE  was  transformed  (Clarke  and  Warwick,  2001). 
Rare  species  caught  in  less  than  5 trawl  hauls  were  ex- 
cluded from  our  analyses  (Clarke  and  Warwick,  2001). 
Differences  in  elasmobranch  assemblages  among  depth 
ranges  were  examined  by  using  an  analysis  of  similar- 
ity (ANOSIM;  a=0.05;  Clarke  and  Warwick,  2001).  A 
similarity  percentage  (SIMPER)  analysis  was  used  to 
identify  species  that  showed  the  highest  contribution 
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to  the  dissimilarities  among  depth  ranges  (Clarke  and 
Warwick,  2001). 

Redundancy  analyses  (RDAs)  were  applied  to  exam- 
ine the  relationship  between  environmental  variables 
and  elasmobranch  assemblages  (Borcard  et  al.,  2011). 
An  RDA  is  a constrained  ordination  technique  that  com- 
bines a multivariate,  multiple  linear  regression  with  a 
principal  component  analysis.  We  performed  RDAs  that 
were  based  on  covariance  matrixes  to  confer  a higher 
weight  to  the  common  species  in  these  analyses. 

A separate  RDA  was  conducted  for  each  survey 
type  to  avoid  biases  that  may  have  resulted  from 
combining  the  3 survey  methods.  For  all  analyses,  a 
Hellinger  transformation  was  applied  to  the  species 
CPUE  to  minimize  the  effects  of  the  large  number  of 
zeros  in  the  data  set  (Borcard  et  al.,  2011).  Rare  spe- 
cies (caught  in  less  than  5 trawl  hauls)  were  excluded 
from  the  analysis  to  prevent  strong  distorting  effects. 
The  environmental  variables  considered  in  the  RDAs 
were  standardized  depth,  standardized  latitude,  year, 
season,  and  diel  period.  The  statistical  significance  of 
the  ordination  axes  was  examined  with  a Monte  Carlo 
permutation  test.  Results  were  plotted  on  a correla- 
tion biplot,  in  which  angles  between  species  and  en- 
vironmental variables  represent  correlations  between 
variables  (Borcard  et  al.,  2011).  These  analyses  were 
conducted  by  using  the  vegan  library  in  R,  vers.  3.0.2 
(R  Core  Team,  2013). 

Results 

For  this  study,  data  were  examined  from  346  trawl 
hauls  conducted  along  the  entire  Pacific  coast  of  Cos- 
ta Rica  from  2008  to  2012.  Of  these  hauls,  108  were 
from  deep  water  surveys,  111  were  from  monitor- 
ing surveys,  and  127  were  from  commercial  surveys 
(Fig.  1).  Commercial  and  monitoring  sampling  efforts 
were  highest  in  the  central  Pacific  region,  where  76% 
of  commercial  hauls  and  91%  of  monitoring  surveys 
were  conducted  (Table  1).  Most  commercial  trawl 
hauls  occurred  at  depths  <100  m,  and  the  majority  of 
monitoring  and  all  deepwater  trawl  hauls  were  con- 
ducted in  deeper  waters  (Table  1).  The  average  stan- 
dardized elasmobranch  abundance  was  9.37  individu- 
als/hour in  deep  water  surveys,  6.96  individuals/hour 
in  monitoring  surveys,  and  7.92  individuals/hour  in 
commercial  surveys. 

Elasmobranch  diversity  and  distribution  patterns 

During  the  entire  sampling  period,  4564  elasmobranchs 
from  25  species,  13  families,  and  6 orders  were  cap- 
tured as  bycatch  (Table  2).  Four  species  represented 
more  than  66%  of  the  entire  elasmobranch  abundance: 
Panamic  stingray  (Urotrygon  aspidura ) accounted  for 
26%,  rasptail  skate  (Raja  velezi)  contributed  16%, 
brown  smoothhound  (. Mustelus  henlei)  composed  15%, 
and  witch  guitarfish  ( Zapteryx  xyster ) accounted  for 
9%.  Of  the  remaining  21  species,  10  were  relatively 
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Table  1 

Sampling  effort  for  surveys  of  bycatch  of  elasmobranchs  conducted  along  the  Pacific  coast  of  Costa  Rica,  Central  America,  in 
2008-2012  at  3 depth  ranges:  shallow  ( <50  m),  intermediate  (50-100  m),  and  deep  (>100  m).  Number  of  trawling  hours  (h) 
and  trawl  hauls  (Hauls)  per  geographic  area  and  depth  range.  The  highest  sampling  effort  occurred  in  the  central  geographic 
region  at  depths  <50  m with  commercial  surveys  (underlined). 

2008 

2009 

2010 

2011 

2012 

Total 

Region  Depth 

h 

Hauls 

h 

Hauls  h 

Hauls 

h 

Hauls 

h 

Hauls 

h 

Hauls 

Commercial  sampling 

Northern  <50  m 

- 

- 

- 

- 

- 

- 

3.7 

2 

5.9 

1 

9.6 

3 

50-100  m 

- 

- 

- 

- 

10.3 

2 

9.3 

3 

- 

- 

24.1 

5 

Central  <50  m 

- 

- 

- 

- 

24.6 

5 

61.8 

14 

28.6 

6 

115.0 

25 

50-100  m 

- 

- 

- 

- 

115.2 

20 

45.1 

10 

62.9 

14 

223.1 

44 

>100  m 

- 

- 

- 

- 

29.6 

14 

18.9 

9 

6.2 

4 

54.7 

27 

Southern  50-100  m 

- 

- 

- 

- 

- 

- 

6.1 

1 

- 

- 

6.1 

1 

>100  m 

- 

- 

- 

- 

12.5 

6 

- 

- 

53.2 

16 

65.7 

22 

Monitoring  sampling 

Northern  50-100  m 

- 

- 

- 

- 

6.0 

1 

- 

- 

- 

- 

6.0 

1 

> 100  m 

- 

- 

- 

- 

1.4 

4 

- 

- 

- 

- 

1.4 

4 

Central  <50  m 

- 

- 

- 

- 

0.7 

2 

- 

- 

- 

- 

0.7 

2 

50-100  m 

- 

- 

- 

- 

2.7 

8 

4.0 

12 

2.2 

6 

8.9 

26 

>100  m 

- 

- 

- 

- 

6.5 

19 

11.6 

35 

6.6 

19 

24.7 

73 

Southern  50-100  m 

- 

- 

- 

- 

0.3 

1 

- 

- 

- 

- 

0.3 

1 

>100  m 

- 

- 

- 

- 

1.5 

4 

- 

- 

- 

- 

1.5 

4 

Deepwater  sampling 

Northern  >100  m 

2.1 

8 

2.1 

8 

2.1 

8 

2.6 

10 

- 

- 

8.9 

34 

Central  >100  m 

3.2 

12 

3.1 

12 

3.0 

12 

2.7 

10 

- 

- 

12.0 

46 

Southern  >100  m 

2.3 

8 

2.0 

8 

1.7 

7 

1.3 

5 

- 

- 

7.0 

27 

Total 

12.1 

27 

7.3 

28 

218.0 

113 

167.3 

111 

165.6 

66 

570.0 

345 

common  (1-5%  of  total  abundance)  and  11  were  rare 
(<1%  of  total  abundance). 

Species  richness  and  distribution  patterns  of  elas- 
mobranchs  were  examined  across  depths.  Overall, 
2279  individuals  of  24  species  were  recorded  at  shal- 
low depths  (<50  m),  1642  individuals  from  14  species 
were  found  at  depths  between  50  and  100  m,  and  only 
643  individuals  from  7 species  were  observed  at  depths 
>100  m (Table  2).  The  number  of  species  caught  per 
trawl  haul  varied  from  0 through  9.  A significant,  neg- 
ative relationship  was  detected  between  the  average 
number  of  species  per  haul  and  depth  (Spearman’s  = 
-0.831,  P<0.001;  Fig.  2). 

Body  size  ranged  from  21.8  to  138.0  cm  TL  for 
sharks  and  from  2.6  to  107.7  cm  DW  for  rays  (Fig.  3). 
The  large  number  of  small  species  (<50  cm  TL  or  DW) 
were  mainly  from  the  families  of  Narcinidae,  Urotry- 
gonidae,  and  Rajidae.  The  sicklefin  smoothhound  ( Mus - 
telus  lunulatus),  prickly  shark  ( Echinorhinus  cookei), 
Pacific  angel  shark  ( Squatina  californica),  and  long- 
tail  stingray  (Dasyatis  longa)  were  the  largest  species 
recorded;  and  these  species  collectively  represented 
nearly  5%  of  the  total  elasmobranch  abundance.  The 
percentage  of  species  that  were  small  (<50  cm  TL) 
was  larger  in  shallow  waters  (depths  <50  m.  Fig.  3A) 
than  at  other  depths  (Fig.  3,  B and  C).  Although  most 
species  presented  narrow  depth  ranges,  trends  in  size 


were  apparent  for  some  species  with  wide  depth  distri- 
butions (Fig.  3).  Large,  adult-size  brown  smoothhound 
dominated  all  depth  categories.  Smaller  individuals  of 
the  rasptail  skate  were  found  in  the  shallower  limit  of 
the  depth  range  for  this  species:  50-100  m.  Likewise, 
average  sizes  of  the  sicklefin  smoothhound,  Peruvian 
torpedo  (Torpedo  peruana ),  and  witch  guitarfish  in- 
creased across  depth  ranges  (Fig.  3). 

Elasmobranch  presence  in  deepwater  surveys  was 
low,  given  that  elasmobranchs  were  absent  from  63%  of 
the  trawl  hauls.  Of  the  surveys  in  which  elasmobranchs 
were  present,  16.6%  had  a CPUE  of  1-10  individuals/ 
hour  and  20.4%  had  CPUE  of  10-152  individuals/hour. 
The  delta-GLM  applied  to  the  deepwater  survey  data 
revealed  that  depth  had  a significant  effect  on  the  den- 
sity of  elasmobranch  CPUE,  and  depth  and  latitude 
had  a significant  effect  on  the  proportion  of  positive 
trawl  hauls  (Table  3).  In  monitoring  surveys,  we  found 
that  elasmobranchs  were  absent  from  65.8%  of  all 
trawl  hauls.  The  lognormal  submodel  of  the  delta-GLM 
applied  to  monitoring  data  did  not  detect  significant 
effects.  In  contrast,  the  binomial  submodel  revealed 
that  depth,  latitude,  and  year  had  significant  effects 
on  elasmobranch  presence  (Table  3).  In  commercial 
surveys,  17.8%  of  trawl  hauls  did  not  result  in  elas- 
mobranch catch.  The  delta-GLM  for  commercial  data 
indicated  that  depth  was  the  only  significant  factor 
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Table  2 

For  the  elasmobranch  species  captured  as  bycatch  in  the  shrimp  trawl  fisheries  of  the  Pacific  coast  of  Costa  Rica,  Central 
America,  during  2008-2012,  total  number  of  individuals  (AO;  percentages  of  the  species  sample  caught  in  commercial  (C), 
monitoring  (M),  and  deepwater  (D)  surveys;  percentages  of  abundance  per  depth  category  (<50  m,  with  2279  individuals 
in  total;  50-100  m,  with  1642  individuals  in  total;  and  >100  m,  with  643  individuals  in  total).  Data  for  the  most  abundant 
species  are  presented  in  bold  type. 


Survey  type  Depth  range 


Order  and  family 

Common  name  (scientific  name) 

N 

C 

M 

D 

<50 

m 

50- 
100  m 

>100 

m 

Carcharhiniformes 

Carcharhinidae 

Pacific  sharpnose  shark  (Rhizoprionodon  longurio) 

6 

100 

- 

- 

0.26 

- 

- 

Sphyrnidae 

Scalloped  hammerhead  ( Sphyrna  lewini) 

4 

100 

- 

- 

0.18 

- 

- 

Triakidae 

Brown  smoothhound  (Mustelus  henlei) 

696 

55.9 

21.3 

22.8 

0.44 

23.45 

46.81 

Sicklefin  smoothhound  ( Mustelus  lunulatus ) 

122 

99.2 

0.8 

- 

0.26 

7 

0.16 

Squaliformes 

Echinorhinidae 

Prickly  shark  (Echinorhinus  cookei) 

11 

- 

- 

100 

- 

- 

1.71 

Squatiniformes 

Squatinidae 

Pacific  angel  shark  (Squatina  californica) 

57 

94.7 

3.5 

1.8 

0.04 

3.23 

0.47 

Myliobatiformes 

Dasyatidae 

Longtail  stingray  ( Dasyatis  longa) 

35 

100 

- 

- 

1.14 

0.55 

- 

Myliobatidae 

Spotted  eagle  ray  (Aetobatus  laticeps) 

2 

100 

- 

- 

0.09 

- 

- 

Golden  cownose  ray  ( Rhinoptera  steindachneri) 

39 

100 

- 

- 

0.13 

2.19 

- 

Urotrygonidae 

Panamic  stingray  ( Urotrygon  aspidura) 

1178 

100 

- 

- 

51.56 

0.18 

- 

Blotched  stingray  ( Urotrygon  chilensis) 

189 

100 

- 

- 

7.81 

0.67 

- 

Denticled  roundray  Urotrygon  cimar 

1 

100 

- 

- 

0.04 

- 

- 

Spiny  stingray  ( Urotrygon  munda) 

1 

100 

- 

- 

0.04 

- 

- 

Dwarf  stingray  (Urotrygon  nana) 

16 

100 

- 

- 

0.7 

- 

- 

Thorny  stingray  ( Urotrygon  rogersi ) 

143 

100 

- 

- 

6.27 

- 

- 

Gynmuridae 

California  butterfly  ray  ( Gymnura  marmorata) 

1 

100 

- 

- 

0.04 

- 

- 

Rajiformes 

Rajidae 

Equatorial  skate  ( Raja  equatorialis ) 

88 

100 

- 

- 

1.97 

2.62 

- 

Rasptail  skate  (Raja  velezi) 

750 

89.6 

3.6 

6.8 

0.04 

34.65 

27.99 

Cortez  skate  ( Raja  cortezensis) 

1 

100 

- 

- 

0.04 

- 

- 

Rhinobatidae 

Whitesnout  guitarfish  (Rhinobatos  leucorhynchus) 

90 

100 

- 

- 

3.91 

0.06 

- 

Witch  guitarfish  (Zapteryx  xyster ) 

393 

96.4 

3.6 

- 

2.63 

19.98 

0.78 

Torpediniformes 

Narcinidae 

Bullseye  electric  ray  (Diplobatis  ommata ) 

206 

100 

- 

- 

8.86 

0.24 

- 

Giant  electric  ray  ( Narcine  entemedor ) 

152 

100 

- 

- 

6.06 

0.85 

- 

Vermiculate  electric  ray  (Narcine  vermiculatus) 

165 

100 

- 

- 

7.24 

- 

- 

Torpedinidae 

Total 

Peruvian  torpedo  (Torpedo  peruana ) 

218 

4564 

59.6 

22.9 

17.4 

0.22 

100 

4.32 

100 

22.08 

100 

in  both  the  lognormal  and  binomial  submodels  (Table 

3) . 

Many  of  the  elasmobranch  species  observed  were 
segregated  by  sex  and  maturity  stage  (Table  4).  Bino- 
mial GLMs  indicated  that  neither  depth  nor  diel  period 
had  a significant  effect  on  sex  ratios  in  the  catch  of 
brown  smoothhound,  sicklefin  smoothhound,  blotched 
stingray  ( Urotrygon  chilensis),  thorny  stingray  (U.  rog- 
ersi),  rasptail  skate,  witch  guitarfish,  bullseye  electric 
ray  ( Diplobatis  ommata),  giant  electric  ray  ( Narcine  en- 
temedor),  or  vermiculate  electric  ray  (N.  vermiculatus ) 
(Table  4).  Conversely,  depth  had  a significant  effect  on 
the  sex  ratios  of  the  catch  of  Panamic  stingray  (Table 

4) :  females  of  this  species  dominated  at  shallow  depths 
(<50  m)  but  were  absent  from  depths  >50  m (Fig.  4). 


Diel  period  had  a significant  effect  on  the  sex  ratios 
of  the  catch  of  Peruvian  torpedo;  more  females  were 
caught  during  the  day  than  during  the  night  (Table  4). 
For  all  depths  and  diel  periods,  the  proportion  of  males 
in  the  catch  of  brown  smoothhound  was  higher  than 
the  proportion  of  females.  Sex  ratios  were  skewed  to- 
ward females  in  the  catch  of  species  that  were  distrib- 
uted mainly  in  shallow  waters  (depths  <50  m):  namely 
in  the  catches  of  Panamic  stingray,  thorny  stingray, 
bullseye  electric  ray,  giant  electric  ray,  and  vermiculate 
electric  ray  (Fig.  4A). 

Binomial  GLMs  indicated  that  depth  and  diel  period 
did  not  influence  maturity  ratios  of  the  catch  of  sick- 
lefin smoothhound,  blotched  stingray,  witch  guitarfish, 
bullseye  electric  ray,  vermiculate  electric  ray,  and  Peru- 
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Figure  2 

Spearman’s  rank  correlation  coefficient  for  the  rela- 
tionship between  depth  and  species  richness  for  elas- 
mobranchs  caught  during  surveys  conducted  along  the 
Pacific  coast  of  Costa  Rica  during  2010-2012.  Relation- 
ship is  between  20-m  depth  categories  and  average 
number  of  species  per  trawl  haul.  Error  bars  indicate 
standard  errors  of  the  means. 


vian  torpedo  (Table  4).  Conversely,  depth  was  a factor 
that  significantly  influenced  maturity  ratios  of  brown 
smoothhound,  rasptail  skate,  and  giant  electric  ray.  Al- 
though mature  brown  smoothhound  were  more  abun- 
dant at  all  depths,  the  proportion  of  immature  indi- 
viduals peaked  at  the  depths  of  50-100  m (Fig.  4).  For 
the  rasptail  skate  and  giant  electric  ray,  proportions  of 
immature  individuals  were  higher  in  the  shallow  lim- 
its of  these  species’  depth  ranges  (50-100  m and  <50 
m,  respectively)  (Fig.  4).  Maturity  ratios  in  the  catch 
of  Panamic  stingray  and  thorny  stingray  varied  sig- 
nificantly among  diel  periods;  proportionally  more  im- 
mature individuals  were  caught  during  the  day  than 
during  the  night  (Fig.  5).  A high  proportion  (>50%) 
of  immature  Peruvian  torpedo  was  recorded  across 
all  depths  and  diel  periods.  For  the  witch  guitarfish, 
a high  proportion  (73%)  of  immature  individuals  was 
found  at  shallow  depths  (<50  m),  and  a high  proportion 
(57%)  of  mature  individuals  was  found  at  depths  of  50- 
100  m.  A higher  abundance  of  mature  round  stingrays 
( Ui'otrygon  spp.)  was  observed  at  shallow  depths  than 
at  other  depths. 

Elasmobranch  assemblage 

The  elasmobranch  assemblage  varied  significantly 
among  depths  (ANOSIM  77=0.710,  P=0.001).  The  elas- 
mobranch assemblage  in  shallow  waters  differed  from 
the  assemblages  in  intermediate-depth  (P=0.792, 
P=0.001)  and  deep  (P=0.934,  P=0.001)  waters.  The 
shallow-water  assemblage  was  characterized  by  the 


dominance  of  Panamic  stingray  (0.00-138.70  individu- 
als/hour); the  remaining  species  were  less  abundant 
(0.01-2.15  individuals/hour).  The  deepwater  assem- 
blage was  composed  of  rasptail  skate,  brown  smooth- 
hound, witch  guitarfish,  Peruvian  torpedo,  prickly 
shark,  and  Pacific  angel  shark,  of  which  the  first  2 
species  were  most  abundant.  The  elasmobranch  assem- 
blage in  intermediate-depth  waters  was  characterized 
by  a combination  of  both  shallow-water  and  deepwater 
species.  Differences  in  the  elasmobranch  assemblage 
between  deep  and  intermediate-depth  waters  were 
the  smallest  (77=0.474,  P=0.001).  A SIMPER  analysis 
revealed  that  Panamic  stingray,  rasptail  skate,  brown 
smoothhound,  witch  guitarfish,  and  Peruvian  torpedo 
were  also  responsible  for  49.8-75.8%  of  the  differences 
in  the  elasmobranch  assemblage  between  depths. 

In  the  RDA  applied  to  deepwater  survey  data,  depth, 
latitude,  year,  and  season  represented  13%  of  the  vari- 
ance in  species  data  (Fig.  6A).  The  biplot  that  resulted 
from  this  analysis  displays  97.2%  of  this  variability  in 
its  first  2 axes,  and  all  canonical  axes  were  significant 
(Fig.  6A;  77=4.224,  P=0.002).  This  RDA  biplot  shows  the 
brown  smoothhound,  rasptail  skate,  and  Peruvian  tor- 
pedo as  a group.  This  group  was  negatively  correlated 
with  depth  and  strongly  related  to  the  years  2008  and 
2009.  The  species  in  this  group  were  separated  mainly 
by  latitude:  the  brown  smoothhound  was  slightly  more 
associated  with  southern  latitudes,  and  the  Peruvian 
torpedo  was  slightly  more  associated  with  northern 
latitudes.  The  prickly  shark  was  placed  separately  and 
presented  a strong  positive  correlation  with  depth. 

The  RDA  for  monitoring  survey  data  explained  12% 
of  the  variability  between  environmental  variables  and 
species  data  (Fig.  6B).  A biplot  captures  91.4%  of  this 
variability,  and  all  canonical  axes  were  significant  (Fig. 
6B;  F= 3.222,  P=0.002).  Although  all  species  are  grouped 
quite  closely  together  in  this  biplot,  the  strongest  as- 
sociations were  between  the  witch  guitarfish  and  the 
rasptail  skate.  All  species  had  negative  correlations 
with  depth  and  positive  associations  with  the  diel  pe- 
riod of  0600-1800  and  the  rainy  season.  As  in  the  deep- 
water RDA,  the  brown  smoothhound  was  more  common 
at  the  southern  limit  of  the  latitudinal  range,  and  the 
Peruvian  torpedo  and  witch  guitarfish  were  associated 
with  the  northern  limits  of  the  latitudinal  range. 

In  the  RDA  applied  to  commercial  survey  data, 
depth,  latitude,  diel  period,  season,  and  year  explained 
10%  of  the  variance  in  species  data  (Fig.  60.  The  bi- 
plot that  resulted  from  this  analysis  represents  76.9% 
of  this  variance,  and  all  canonical  axes  were  significant 
(Fig.  6C;  F=2.772,  P=0.002).  This  RDA  biplot  separates 
2 groups  of  species,  mainly  according  to  depth  and  lati- 
tude. The  shallow-water  assemblage  was  composed  of 
golden  cownose  ray  ( Rhinoptera  steindachneri ),  whites- 
nout  guitarfish  ( Rhinobatos  leucorhynchus),  giant  elec- 
tric ray,  bullseye  electric  ray,  vermiculate  electric  ray, 
longtail  stingray,  equatorial  skate  ( Raja  equatorialis), 
blotched  stingray,  thorny  stingray,  and  Panamic  sting- 
ray. The  deepwater  assemblage  was  composed  of  witch 
guitarfish,  sicklefin  smoothhound,  brown  smoothhound, 
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Figure  3 

Average  body  sizes  in  cm,  with  standard  errors  indicated  by  er- 
ror bars,  of  shark  and  ray  species  caught  in  3 depth  ranges,  (A) 
<50  m,  (B)  50—100  m,  and  (C)  >100  m),  along  the  Pacific  coast  of 
Costa  Rica  in  2010-2012.  Body  size  is  presented  as  total  length  in 
sharks  and  disc  width  in  rays.  The  following  species  abbreviations 
are  used:  RLO  (Pacific  sharpnose  shark  [Rhizoprionodon  longu- 
rio]),  SLE  (scalloped  hammerhead  [ Sphyrna  lewini]),  MHE  (brown 
smoothhound  [Mustelus  henlei]),  MLU  (sicklefin  smoothhound 
[. Mustelus  lunulatus ]),  ECO  (prickly  shark  [ Echinorhinus  cookei ]), 
SCA  (Pacific  angel  shark  [Squatina  californica ]),  DLO  (longtail 
stingray  [Dasyatis  longa]),  ANA  (spotted  eagle  ray  [Aetobatus  lati- 
ceps]),  RST  (golden  cownose  ray  [ Rhinoptera  steindachneri]),  UAS 
(Panamic  stingray  [Urotrygon  aspidura]),  UCH  (blotched  sting- 
ray [Urotrygon  chilensis ]),  UCI  (denticled  roundray  [ Urotrygon 
cimar]),  UMU  (Spiny  stingray  [Urotrygon  munda]),  UNA  (dwarf 
stingray  [ Urotrygon  nana]),  URO  (thorny  stingray  [Urotrygon  rog- 
ersi]),  GMA  (California  butterfly  ray  [ Gymnura  marmorata ]),  REQ 
(equatorial  skate  [Raja  equatorialis]),  RVE  (rasptail  skate  [Raja 
velezi]),  RCO  (Cortez  skate  [Raja  cortezensis ]),  RLE  ((whitesnout 
guitarfish  [Rhinobatos  leucorhynchus]),  ZXY  (witch  guitarfish 
[Zapteryx  xyster]),  DOM  (bullseye  electric  ray  [Diplobatis  om- 
mata]),  NEN  (giant  electric  ray  [Narcine  entemedor]),  NVE  (ver- 
miculate  electric  ray  [Narcine  vermiculatus]),  and  TPE  (Peruvian 
torpedo  [Torpedo  peruviana]). 


Pacific  angel  shark,  and  the  Peruvian  torpedo. 
Within  this  group,  the  Peruvian  torpedo  had 
the  strongest  positive  correlation  with  depth, 
whereas  the  witch  guitarfish  and  Pacific  angel 
shark  had  the  strongest  negative  correlation 
with  depth.  The  deepwater  assemblage  was 
weakly  associated  with  the  night,  the  rainy 
season,  and  the  years  2010  or  2012. 


Discussion 


Elasmobranch  diversity  and  distribution  patterns 

The  results  of  our  study  revealed  that  elas- 
mobranch bycatch  of  the  shrimp  trawl  fishery 
in  Costa  Rica  comprised  25  species,  which  ac- 
count for  more  than  35%  of  the  species  rich- 
ness reported  for  the  Pacific  coast  of  Costa 
Rica  (Bussing  and  Lopez,  2009).  Most  of  these 
bycatch  species  have  wide  distribution  rang- 
es that  include  the  entire  ETP.  Consequently, 
the  few  studies  available  on  elasmobranch 
bycatch  from  shrimp  fisheries  in  this  region 
reveal  similar  species  compositions  (Gulf  of 
California,  Mexico:  Lopez-Martinez  et  al., 
2010;  Pacific  coast  of  Colombia:  Mejia-Falla 
and  Navia1)  (Table  5).  The  strong  similar- 
ity between  elasmobranch  bycatch  in  Costa 
Rica  and  Colombia  (14  species  in  common) 
reflects  the  biogeographic  patterns  proposed 
by  Robertson  and  Cramer  (2009).  Costa  Rica 
and  Colombia  form  part  of  the  Panamic  bio- 
geographic province  that  is  composed  solely  of 
tropical  fishes  (Robertson  and  Cramer,  2009), 
and  the  Gulf  of  California  belongs  to  the  Cor- 
tez biogeographic  province,  which  is  charac- 
terized by  the  convergence  of  temperate,  sub- 
tropical, and  tropical  marine  fish  fauna  (Mora 
and  Robertson,  2005;  Rodriguez-Romero  et 
al.,  2008). 

Our  results  revealed  that  the  elasmobranch 
assemblage  varies  along  the  Pacific  coast  of 
Costa  Rica  (-1254  km  of  coastline).  This  vari- 
ation is  probably  due  to  differences  in  ocean- 
ographic conditions  along  the  coastline,  with 
the  north  affected  by  upwelling  and  the  cen- 
tral and  South  Pacific  affected  by  freshwater 
inflows.  Delta-GLMs  indicated  that  latitude 
was  an  important  predictor  of  elasmobranch 
presence  in  deepwater  and  monitoring  sur- 
veys; however,  these  differences  may  reflect 
the  higher  sampling  efforts  in  deep  waters 
of  the  northern  and  southern  Pacific  areas. 
Therefore,  the  effect  of  latitude  on  elasmo- 
branch diversity  needs  to  be  interpreted  with 
caution.  The  uneven  sampling  effort  along  the 
coast  was  the  result  of  an  overall  dependence 
on  the  presence  of  commercial  shrimp  trawl- 
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Table  3 

Results  of  the  3 delta-lognormal  generalized  linear  models  (delta-GLMs)  applied  to  abundance 
(CPUE)  of  elasmobranchs  from  deepwater,  monitoring,  and  commercial  surveys  conducted  along 
the  Pacific  coast  of  Costa  Rica  during  2008-2012:  degrees  of  freedom  ( df),  deviance  change 
(Deviance),  residual  degrees  of  freedom  (Residual  df),  residual  deviance  (Res.  dev.),  Akaike 
information  criterion  (AIC),  and  the  probability  (P)  from  the  F-test  for  lognormal  submodels  or 
chi-square  test  for  binomial  models. 


Model 

df 

Deviance 

Residual  df 

Res.  dev. 

AIC 

P 

Deepwater  delta-GLM 

Lognormal  submodel 

Intercept 

39 

52.43 

128.34 

Depth 

Binomial  submodel 

1 

5.92 

38 

46.51 

125.54 

0.03 

Intercept 

1 

107 

141.45 

143.45 

Depth 

1 

13.12 

106 

128.32 

132.32 

<0.01 

Latitude 

1 

6.10 

105 

122.22 

128.22 

0.01 

Monitoring  delta-GLM 

Lognormal  submodel 

Intercept 

1 

37 

62.41 

130.69 

Depth 

Binomial  submodel 

1 

4.76 

36 

57.65 

129.68 

0.09 

Intercept 

110 

142.65 

144.65 

Depth 

1 

20.33 

109 

122.32 

126.32 

<0.01 

Latitude 

1 

6.08 

108 

116.24 

122.24 

0.01 

Year 

2 

11.00 

106 

105.24 

115.24 

<0.01 

Commercial  delta-GLM 

Lognormal  submodel 

Intercept 

103 

189.15 

361.35 

Depth 

Binomial  submodel 

1 

12.54 

102 

176.61 

356.21 

<0.01 

Intercept 

1 

126 

120.16 

122.16 

Depth 

1 

18.90 

125 

101.25 

105.25 

<0.001 

ing  vessels.  Although  sampling  depths  from  monitor- 
ing surveys  were  predefined,  the  location  of  sampling 
stations  was  chosen  by  the  captain.  Consequently,  both 
commercial  and  monitoring  surveys  were  concentrated 
in  the  central  Pacific  region. 

The  nonrandom  sampling  design  of  both  monitoring 
and  commercial  surveys  may  have  introduced  biases  in 
the  estimates  of  distribution  and  abundance  that  must 
be  considered  when  interpreting  the  results  of  our 
study  (e.g.,  elasmobranch  abundance  and  composition 
covaries  with  shrimp  abundance).  Moreover,  it  is  like- 
ly that  interactions  between  environmental  variables 
drive  patterns  in  both  species  distribution  and  commu- 
nity structure;  however,  interactions  were  not  explored 
because  of  the  small  data  set.  The  small  sample  size 
may  also  have  limited  our  ability  to  detect  patterns  in 
elasmobranch  diversity  across  the  examined  explana- 
tory variables  (e.g.,  depth,  latitude,  geographic  region, 
year,  season,  and  diel  period).  This  limited  ability  is 
the  most  probable  cause  of  the  low  percentage  of  the 
variance  in  species  abundance  data  that  was  explained 
by  the  RDAs. 

Our  findings  indicate  that  depth  is  a major  factor  in- 
fluencing elasmobranch  assemblages  along  the  Pacific 


coast  of  Costa  Rica.  Both  species  richness  and  abun- 
dance peaked  in  shallow  waters  and  decreased  with 
the  increasing  depth.  This  feature  is  common  and  has 
been  reported  previously  for  both  demersal  (MacPher- 
son,  2003;  Massuti  and  Moranta,  2003;  Gouraguine  et 
ah,  2011)  and  pelagic  (Smith  and  Brown,  2002)  elasmo- 
branch species.  Nearshore  environments  are  very  het- 
erogeneous and  tend  to  concentrate  a large  number  of 
species  with  small  depth  ranges,  whereas  a small  num- 
ber of  species  with  large  depth  ranges  inhabit  homo- 
geneous deepwater  environments  (Smith  and  Brown, 
2002;  Knip  et  ah,  2010;  Mejia-Falla  and  Navia1). 
Depth-related  changes  in  environmental  factors,  such 
as  temperature  and  productivity,  may  partially  explain 
observed  trends  in  species  richness  (Levinton,  1995). 

Temperature  is  known  to  be  an  important  factor 
influencing  species  richness,  given  that  it  may  affect 
speciation  rates  (Allen  et  ah,  2002).  Productivity  can 
also  influence  species  richness;  for  example,  areas  with 
higher  primary  productivity  tend  to  have  species  with 
high  trophic  levels,  large  body  sizes,  and  high  energetic 
requirements  (Smith  and  Brown,  2002;  Leathwick  et 
ah,  2006;  Knip  et  al.,  2010),  including  sharks  and  rays 
(Priede  et  al.,  2006). 
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Table  4 

Spatial  distribution  for  sex  and  maturity  ratios  of  the  elasmobranch  assemblage,  by  depth  range  (<50  m,  50-100  m, 
or  >100  m)  and  diel  period  (day  or  night),  along  the  Pacific  coast  of  Costa  Rica,  Central  America,  in  2010-2012.  The 
degrees  of  freedom  (df),  deviance,  residual  deviance  (Res.  dev),  and  probability  ( P ) of  the  binomial  generalized  linear 
models  (GLMs)  applied  to  both  maturity  and  sex  ratios  of  the  most  abundant  elasmobranch  species.  Significant  P- 
values  are  in  bold  (a=0.05).  The  following  species  abbreviations  are  used:  MHE  (brown  smoothhound  [Mustelus  henlei]), 
MLU  (sicklefin  smoothhound  [Mustelus  lunulatus]),  UAS  (Panamic  stingray  [ Urotrygon  aspidura}),  UCH  (blotched 
stingray  [Urotrygon  chilensis]),  URO  (thorny  stingray  [Urotrygon  rogersi]),  RVE  (rasptail  skate  [Raja  velezi]),  ZXY 
(witch  guitarfish  [Zapteryx  xyster]),  DOM  (bullseye  electric  ray  [Diplobatis  ommata]),  NEN  (giant  electric  ray  [Narcine 
entemedor ]),  NYE  (vermiculate  electric  ray  [Narcine  vermiculatus]),  and  TPE  (Peruvian  torpedo  [Torpedo  peruviana ]). 


Sex  ratios  Maturity  ratios 


Species 

Factors 

df 

Deviance 

Res.  dev. 

P 

df 

Deviance 

Res.  dev. 

P 

MHE 

Intercept 

1 

358.0 

1 

612.1 

Depth 

2 

7.7 

350.4 

0.43 

2 

50.0 

562.1 

0.04 

Diel  period 

1 

9.7 

340.7 

0.15 

1 

16.5 

545.6 

0.14 

MLU 

Intercept 

1 

24.2 

1 

53.5 

Depth 

2 

2.0 

22.3 

0.41 

2 

6.1 

47.5 

0.56 

Diel  period 

1 

0.0 

22.3 

0.95 

1 

0.0 

47.5 

0.98 

UAS 

Intercept 

1 

25.4 

1 

74.9 

Depth 

1 

5.4 

20.0 

0.04 

1 

0.1 

74.8 

0.83 

Diel  period 

1 

1.5 

18.6 

0.27 

1 

29.0 

45.8 

0.00 

UCH 

Intercept 

1 

35.0 

1 

43.4 

Depth 

1 

3.3 

31.7 

0.47 

1 

12.3 

31.1 

0.20 

Diel  period 

1 

3.2 

28.4 

0.47 

1 

1.8 

29.3 

0.59 

URO 

Intercept 

1 

8.7 

1 

21.3 

Diel  period 

2 

0.0 

8.6 

0.99 

1 

18.3 

3.0 

0.01 

RVE 

Intercept 

1 

196.1 

1 

538.0 

Depth 

2 

10.4 

185.7 

0.16 

2 

70.3 

467.7 

0.01 

Diel  period 

1 

0.2 

185.6 

0.80 

1 

2.1 

465.5 

0.58 

ZXY 

Intercept 

1 

118.8 

1 

222.6 

Depth 

2 

1.8 

117.1 

0.69 

2 

19.3 

203.2 

0.09 

Diel  period 

1 

0.3 

116.8 

0.74 

1 

6.9 

196.3 

0.19 

DOM 

Intercept 

1 

23.5 

1 

12.5 

Depth 

1 

1.9 

21.6 

0.47 

1 

2.8 

9.8 

0.20 

Diel  period 

1 

1.6 

19.9 

0.51 

1 

1.8 

8.0 

0.29 

NEN 

Intercept 

1 

31 

1 

34.2 

Depth 

1 

0.0 

31.0 

0.92 

1 

7.0 

27.2 

0.02 

Diel  period 

1 

1.2 

29.8 

0.34 

1 

2.1 

1.8 

0.19 

NVE 

Intercept 

1 

40.9 

1 

40.9 

Diel  period 

1 

19.4 

21.5 

0.10 

1 

1.2 

21.5 

0.10 

TPE 

Intercept 

1 

105.5 

1 

77.3 

Depth 

Z 

1.4 

104.0 

0.54 

2 

1.8 

75.5 

0.51 

Diel  period 

1 

7.0 

97.1 

0.02 

1 

0.4 

75.2 

0.60 

The  elasmobranch  assemblages  caught  by  the  shrimp 
trawl  fishery  were  slightly  influenced  by  diel  period. 
Most  elasmobranch  species  display  higher  activity  lev- 
els during  the  night — a characteristic  mainly  related  to 
foraging  or  social  refuging  behaviors  (Wearmouth  and 
Sims,  2008;  Jacoby  et  al.,  2012;  Espinoza  et  al.,  2011). 
Catch  of  elasmobranchs  in  trawl  hauls,  therefore,  is  ex- 
pected to  be  higher  during  the  day  than  at  night;  how- 
ever, very  few  studies  have  addressed  diel  periodicity 
of  bycatch  (Molina  and  Cooke,  2012).  The  results  of  this 


study  support  the  assumption  that  elasmobranch  catch 
is  higher  during  the  day  than  at  night. 

Although  the  small  sample  size  prevented  us  from 
detecting  clear  patterns  for  most  species,  a higher 
proportion  of  female  Peruvian  torpedo  and  immature 
round  stingrays  were  found  during  the  day  than  at 
night.  The  higher  abundance  of  Peruvian  torpedo  dur- 
ing the  day  may  be  a result  of  its  feeding  behavior. 
The  Pacific  electric  ray  ( Torpedo  californica ) is  a bot- 
tom ambush  predator  during  the  day  and  actively  for- 
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Figure  4 

Proportion  of  females  caught  at  3 depth  ranges,  (A)  <50  m,  (C)  50-100  m,  and  (El 
>100  m,  and  proportion  of  immature  individuals  caught  at  depth  of  (B)  <50  m,  (D) 
50-100  m,  and  (F)  >100  m for  11  elasmobranch  species  sampled  along  the  Pacific  coast 
of  Costa  Rica  during  2010-2012.  The  following  species  abbreviations  are  used:  MHE 
(brown  smoothhound  [ Mustelus  henlei]),  MLU  (sicklefin  smoothhound  [Mustelus  lunula- 
fas]),  UAS  (Panamic  stingray  [Urotrygon  aspidura]),  UCH  (blotched  stingray  [Urotry- 
gon  chilensis]),  URO  (thorny  stingray  [ Urotrygon  rogersi]),  RVE  (rasptail  skate  [Raja 
velezi]),  ZXY  (witch  guitarfish  [Zapteryx  xyster]),  DOM  (bullseye  electric  ray  [ Diplobatis 
ommata]),  NEN  (giant  electric  ray  [Nareine  entemedor]),  NVE  (vermiculate  electric  ray 
[Narcine  venniculatus]),  and  TPE  (Peruvian  torpedo  [Torpedo  peruviana ] ). 


ages  in  the  water  column  during  the  night  (Lowe  et 
al.,  1994).  If  feeding  habits  of  the  Peruvian  torpedo  are 
similar  to  those  of  the  Pacific  electric  ray,  they  would 
explain  the  higher  catch  rates  for  this  species  observed 
during  the  daytime. 

Elasmobranch  distribution  patterns  varied  intraspe- 
cifically,  according  to  sex  and  size.  Sexual  segregation 
has  been  documented  widely  in  elasmobranchs  (Wear- 
mouth  and  Sims,  2008)  and  tends  to  occur  more  often 
in  adult  populations,  although  it  is  not  restricted  to 
them  (Carlisle  et  al.,  2007;  Wearmouth  and  Sims,  2008). 
Our  study  showed  that  small  ray  species,  such  as  the 
Panamic  stingray  and  thorny  stingray,  formed  large 
aggregations  dominated  by  mature  females  in  shallow 
waters.  In  the  case  of  these  small  rays,  sexual  segrega- 
tion in  shallow  waters  may  reduce  intraspecific  compe- 
tition for  food  resources  (Carlisle  et  ah,  2007;  Espinoza 


et  ah,  2012).  In  contrast,  some  species  like  the  brown 
smoothhound  had  a male-biased  sex  ratio;  male  brown 
smoothhound  occurred  in  deep  habitats  (depths  >100 
m)  and  gravid  females  were  more  abundant  in  warmer 
(>20°C),  shallow,  coastal  habitats.  Gravid  females  are 
thought  to  use  warmer  habitats  that  may  offer  ther- 
mal reproductive  advantages,  such  as  increased  growth 
rates  of  embryos  (Hight  and  Lowe,  2007;  Pereyra  et  al., 
2008;  Speed  et  al.,  2012). 

Elasmobranch  assemblages 

The  elasmobranch  assemblages  were  characterized 
by  the  presence  of  5 dominant  species  (i.e.,  rasptail 
skate,  Panamic  stingray,  brown  smoothhound,  witch 
guitarfish,  and  Peruvian  torpedo),  a group  that  ac- 
counted for  more  than  75%  of  the  total  abundance  of 
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Figure  5 

Proportion  of  females  caught  during  (A)  the  day  and  (B)  the  night  and  proportion  of  immature 
individuals  caught  during  (C)  the  day  and  (D)  the  night  for  11  elasmobranch  species  sampled 
along  the  Pacific  coast  of  Costa  Rica  during  2010-2012.  The  following  species  abbreviations  are 
used:  MHE  (brown  smoothhound  [Mustelus  henlei]),  MLU  (sicklefin  smoothhound  [Mustelus  lu- 
nulatus ]),  UAS  (Panamic  stingray  [Urotrygon  aspidura]),  UCH  (blotched  stingray  [Urotrygon 
chilensis]),  URO  (thorny  stingray  [ Urotrygon  rogersi]),  RVE  (rasptail  skate  [Raja  velezi]),  ZXY 
(witch  guitarfish  [Zapteryx  xyster]),  DOM  (bullseye  electric  ray  [Diplobatis  ommata]),  NEN  (gi- 
ant electric  ray  [Narcine  entemedor ]),  NVE  (vermiculate  electric  ray  [Narcine  vermiculatus]),  and 
TPE  (Peruvian  torpedo  [Torpedo  peruviana]). 


Table  5 

Comparison  of  elasmobranch  species  in  bycatch  of  shrimp  trawl  fisheries  in  various  countries  of  the  eastern  tropical  Pa- 
cific, based  on  results  from  previous  studies  (noted  in  the  reference  column)  and  from  this  study 


Number  of  species 


Location 

Study  period 

Depth 
range (m) 

Sharks 

Rays 

Species  in  common 
with  this  study 

Reference 

Gulf  of  California,  Mexico 

2004-2005 

4-137 

3 

16 

8 

Lopez-Martinez  et  al.1 

Guatemala 

1996-1998 

10-100 

- 

13 

11 

Ixquiac-Cabrera  et  al.2 

Costa  Rica 

2008-2012 

25-350 

6 

19 

- 

This  study 

Costa  Rica 

1983-1984 

10-100 

4 

13 

12 

Campos3 

Colombia 

1993-1994, 

1995-2007 

10-360 

11 

13 

14 

Puentes  et  al.4 

1 Lopez-Martinez,  J.,  E.  Herrera- Valdivia,  J.  Rodrfguez-Romero,  and  S.  Hernandez-Vazquez.  2010.  Peces  de  la  fauna  de 
acompanamiento  en  la  pesca  industrial  de  camaron  en  el  Golfo  de  California,  Mexico.  Rev.  Biol.  Trop.  58:925—942. 

2 Ixquiac-Cabrera,  M.,  I.  Franco,  J.  Lemus,  S.  Mendez,  and  A.  Lopez-Roulet.  2010.  Identificacion,  abundancia,  distribucion 
espacial  de  batoideos  (rayas)  en  el  Pacifico  Guatemalteco.  Proyecto  FONDECYT  No.  34-2006,  79  p.  [Available  at  website.] 

3 Campos,  J.  A.  1986.  Fauna  de  acompanamiento  del  camaron  en  el  Pacifico  de  Costa  Rica.  Rev.  Biol.  Trop.  34:185—197. 

4 Puentes,  V.,  N.  Madrid,  and  L.  A.  Zapata.  2007.  Catch  composition  of  the  deep  sea  shrimp  fishery  ( Solenocera  agassizi  Fax- 
on, 1893;  Farfantepenaeus  californiensis  Holmes,  1900  and  Farfantepenaeus  brevirostris  Kingsley,  1878),  in  the  Colombian 
Pacific  Ocean.  Gayana  71:84—95.  Article 
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Figure  6 

Redundancy  analysis  between  environmental  variables  and  elasmobranch  abundance  (measured  as  catch  per  unit  of  effort 
[CPUE])  along  the  Pacific  coast  of  Costa  Rica.  Dependent  variables  were  CPUE  of  species  caught  (A)  in  deepwater  surveys 
(2008-2011);  (B)  in  monitoring  surveys  in  the  central  Pacific  region  (2010-2012);  and  (C)  in  commercial  surveys  in  the 
central  Pacific  region  (2010-2012).  Environmental  variables  were  depth,  latitude,  year,  season  (rainy,  dry),  and  diel  period. 
Circles  represent  categorical  variables,  and  arrows  represent  continuous  variables.  The  values  given  in  parentheses  on 
the  axes  are  the  percentages  of  variation  in  the  total  species-environmental  data  represented  in  the  biplots.  The  length  of 
the  vector  arrow  indicates  the  strength  of  the  correlation,  and  its  direction  indicates  the  relationship  with  a species.  The 
following  species  abbreviations  are  used:  MHE  (brown  smoothhound  [ Mustelus  henlei ]),  RVE  (rasptail  skate  [ Raja  velezi]), 
TPE  (Peruvian  torpedo  [Torpedo  peruviana ]),  ZXY  (witch  guitarfish  [Zapteryx  xyster]),  SCA  (Pacific  angel  shark  [ Squatina 
californica]),  MLU  (sicklefin  smoothhound  [Mustelus  lunulatus ]),  RST  (golden  cownose  ray  [Rhinoptera  steindachneri]), 
RLE  (whitesnout  guitarfish  [Rhinobatos  leucorhynchus]),  NEN  (giant  electric  ray  [ Narcine  entemedor ]),  DOM  (bullseye 
electric  ray  [ Diplobatis  ommata ]),  REQ  (equatorial  skate  [ Raja  equatorialis ]),  DLO  (longtail  stingray  [ Dasyatis  longa ]),  NVE 
(vermiculate  electric  ray  [ Narcine  vermiculatus]),  URO  (thorny  stingray  [Urotrygon  rogersi ]),  and  UAS  (Panamic  stingray 
[Urotrygon  aspidura]). 


elasmobranchs  in  this  study.  Similar  observations  have 
been  documented  for  other  tropical  shrimp  fisheries  in 
Costa  Rica  (Campos,  1986),  Australia  (Stobutzki  et  al., 
2001),  and  Mexico  (Lopez-Martmez  et  al.,  2010).  Elas- 
mobranch bycatch  from  bottom-trawl  fisheries  is  as- 
sumed to  reflect  the  composition  of  demersal  species; 
however,  it  is  important  to  consider  that  trawling  gear 
is  designed  for  soft  and  sandy  bottoms.  Therefore,  spe- 
cies that  use  reef  or  hardbottom  habitats  are  likely  to 
be  underrepresented  in  bottom-trawl  fisheries  (Lopez- 
Martmez  et  al.,  2010).  Similarly,  fast-swimming  or  pe- 
lagic elasmobranchs  (e.g.,  spotted  eagle  ray  [Aetobatus 
laticeps ],  golden  cownose  ray,  and  scalloped  hammer- 
head [Sphyrna  lewini])  are  less  likely  to  be  caught  by 
bottom  trawls. 

The  assemblage  of  shallow-water  elasmobranchs 
(depths  <50  m)  comprised  22  species,  among  which 
the  Panamic  stingray  was  the  most  abundant.  High 
abundances  of  small  rays  also  have  been  reported 
for  shallow-water  bycatch  in  Colombia  (Mejia-Falla 
and  Navia1)  and  the  Gulf  of  California  (Rabago- 
Quiroz  et  al.,  2011).  In  our  study,  patchy  distribu- 
tions and  large  aggregations  were  observed  for  many 
small  round  stingrays  (Urotrygon  spp.)  and  electric 
rays  ( Narcine  spp.),  possibly  as  a result  of  high  food 
availability  (Vianna  and  Vooren,  2009;  Knip  et  al., 


2010)  or  reproductive  behavior  (Vianna  and  Vooren, 
2009). 

Elasmobranch  bycatch  associated  with  the  shrimp 
fishery  in  Costa  Rica  was  first  described  by  Campos 
(1986).  Differences  in  sampling  methods,  however,  pre- 
vent direct  comparisons  with  our  study.  For  example, 
we  examined  the  total  catch  of  elasmobranchs,  but 
Campos  (1986)  analyzed  only  a small  subsample  of  that 
catch  in  1983-1984.  Moreover,  Campos  (1986)  surveyed 
a smaller  depth  range  (<100  m),  and  reported  only  9 
batoids  (skates  and  rays),  4 sharks,  and  4 unidentified 
batoid  species.  Our  study  revealed  the  occurrence  of  17 
batoid  and  5 shark  species  at  similar  depths.  The  domi- 
nant species  observed  by  Campos  (1986)  in  1983-1984 
were  rasptail  skate,  witch  guitarfish,  and  giant  electric 
ray,  but  only  those  first  2 species  were  abundant  in 
our  study. 

Contrary  to  our  results,  the  brown  smoothhound  and 
Panamic  stingray  were  absent  or  present  in  very  low 
abundances  during  the  study  by  Campos  (1986).  These 
results  support  reports  based  on  the  traditional  eco- 
logical knowledge  of  fishermen  that  large  aggregations 
of  the  Panamic  stingray  are  part  of  recently  observed 
shifts  in  the  demersal  assemblages  off  the  Pacific  coast 
of  Costa  Rica  (senior  author,  personal  observ. ).  More- 
over, 11  species  of  batoids  were  found  in  our  survey 
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that  were  absent  in  the  study  conducted  during  1983- 
1984  (Campos,  1986).  Conversely,  the  whitenose  shark 
( Nasolamia  velox)  and  scalloped  bonnethead  ( Sphyrna 
corona ) were  caught  during  1983-1984  but  were  absent 
in  our  surveys.  The  overall  lower  abundance  of  elas- 
mobranchs  reported  by  Campos  (1986)  may  be  related 
to  differences  in  the  sample  size  or  to  actual  changes 
in  demersal  elasmobranch  diversity,  changes  that  prob- 
ably were  due  to  the  loss  of  top  predatory  fishes  (Dulvy 
et  al.,  2014;  Stevens  et  al.,  2000). 

The  elasmobranch  assemblage  at  depths  of  100-350 
m comprised  only  6 species,  among  which  the  most 
abundant  were  the  rasptail  skate,  brown  smoothhound, 
and  Peruvian  torpedo.  The  prickly  shark,  which  inhab- 
its depths  up  to  1100  m,  was  the  only  true  deepwater 
elasmobranch  in  this  assemblage  (Compagno  et  al., 
2005).  Only  one  previous  study  has  examined  deep- 
water elasmobranches  within  the  ETP  (Puentes  et  al., 
2007),  and  that  study  reported  8 elasmobranch  species 
at  depths  between  72  and  360  m in  Colombia.  Addi- 
tional studies  are  necessary  to  broaden  our  knowledge 
about  deepwater  communities  of  elasmobranchs  in  this 
region  and  about  their  relation  to  physical  and  biologi- 
cal features. 

Because  of  the  inherently  slow  growth  of  deepwater 
elasmobranchs,  future  studies  should  also  focus  on  the 
interaction  between  deepwater  species  and  fisheries 
(Simpfendorfer  and  Kyne,  2009).  These  emergent  deep- 
water fisheries  are  rarely  subjected  to  management 
or  scientific  monitoring.  In  Costa  Rica,  shrimp  trawl 
fisheries  expanded  into  deeper  waters  in  the  1980s.  As 
the  deepwater  shrimp  stocks  became  rapidly  depleted, 
the  fishing  fleet  shifted  operations  to  shallow  waters, 
where  they  now  target  several  economically  important 
teleosts,  such  as  the  Pacific  bearded  brotula  ( Brotula 
clarkae)  (senior  author,  unpubl.  data).  This  change  is 
problematic;  for  example,  one  of  the  main  findings  in 
our  study  was  the  high  species  richness  of  elasmo- 
branchs associated  with  shallow  waters.  This  shift  in 
the  target  species  of  shrimp  fisheries  may  increase  the 
effects  of  this  fishery  on  coastal  demersal  ecosystems. 

A few  elasmobranch  bycatch  species,  including 
smoothhounds  ( Mustelus  spp. ) and  the  longtail  sting- 
ray, are  commonly  retained  in  Costa  Rica  because  of 
their  commercial  value.  The  sicklefin  smoothhound  is 
an  important  source  of  affordable  protein  in  local  mar- 
kets in  Costa  Rica,  and  there  is  a growing  demand 
for  longtail  stingray  in  both  Mexico  and  Costa  Rica 
(Rojas  et  al.,  2000).  In  addition  to  noting  that  these 
species  are  caught  by  shrimp  trawlers,  Lopez  Garro 
et  al.  (2009)  reported  that  the  sicklefin  smoothhound 
and  longtail  stingray  composed  16.7%  and  3.5%,  re- 
spectively, of  the  landings  of  elasmobranchs  in  the  ar- 
tisanal fishery  of  Tarcoles,  in  the  central  Pacific  region 
of  Costa  Rica  during  2006-2007.  Although  current  re- 
cords are  insufficient  for  an  evaluation  of  long-term 
trends  in  abundance  of  elasmobranchs  in  Costa  Rica, 
catch  data  from  Colombian  commercial  shrimp  fisher- 
ies indicate  that  abundances  of  the  sicklefin  smooth- 
hound and  longtail  stingray  have  declined  consider- 


ably since  the  1990s.1  Therefore,  it  seems  advisable 
to  closely  monitor  trends  in  the  relative  abundance  of 
these  2 species. 

Our  results  indicate  that  a large  number  of  elas- 
mobranchs interact  with  the  demersal  trawl  fishery  of 
Costa  Rica  and,  therefore,  may  be  vulnerable  to  high 
levels  of  exploitation.  Comparisons  with  historical  data 
(Campos,  1986)  revealed  that  the  species  composition 
of  elasmobranchs  might  have  changed  since  the  1980s. 
Yet,  given  the  lack  of  continuous  sampling  throughout 
the  period  1980-2010,  it  is  difficult  to  identify  the  driv- 
ers behind  these  changes. 

The  creation  of  independent  observer  programs 
would  allow  monitoring  and  assessment  of  long-term 
trends  of  bycatch,  as  well  as  prediction  of  potential 
changes  in  fish  assemblages.  In  addition,  knowledge 
of  the  feeding  ecology  and  trophic  interactions  of 
elasmobranchs  is  critical  to  understanding  food  web 
dynamics  and  trophic  cascades  that  may  occur  as  a 
result  of  the  loss  of  top  predatory  fishes  from  coast- 
al ecosystems  (Ferretti  et  al.,  2008;  Heithaus  et  al., 
2008).  This  information  is  also  essential  for  defining 
the  role  of  mesopredators  in  demersal  ecosystems  and 
for  developing  ecosystem-based  management  strate- 
gies (Espinoza  et  al.,  2015).  Future  research  on  the 
life  history  traits  of  these  species  is  also  necessary 
and  will  allow  us  to  identify  vulnerable  species  and 
redirect  conservation  efforts.  The  interaction  between 
the  shrimp  trawl  fishery  and  the  elasmobranch  as- 
semblage may  be  comparable  within  the  different 
countries  of  Central  America  (Lopez-Martlnez  et  al., 
2010;  Clarke  et  al.,  2014).  Therefore,  the  results  of 
this  study  may  serve  as  biological  information  that 
can  support  the  development  of  management  strate- 
gies in  Central  America. 
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Abstract— The  Atlantic  croaker  (Mi- 
cropogonias  undulatus)  is  an  im- 
portant commercial  species  in  the 
Gulf  of  Mexico,  but  this  stock  has 
been  reduced  historically  as  bycatch 
in  other  fisheries.  Sagittal  otoliths 
(1V=190)  were  removed  from  larval 
and  early  juvenile  Atlantic  croaker 
collected  within  a Louisiana  tidal 
pass  over  a 2-year  period,  from  Oc- 
tober 2006  through  March  2007  and 
from  September  2007  through  March 
2008.  Standard  length  (SL)  at  age 
in  days  after  hatching  (dah),  over 
both  years,  was  fitted  with  a Laird- 
Gompertz  growth  model,  and  simi- 
lar models  were  fitted  separately  to 
year  and  season  to  determine  wheth- 
er different  spawning  subgroups  ex- 
isted. In  both  years,  the  maximum 
growth  rate  occurred  20  days  ear- 
lier in  spring  than  in  fall.  Otolith 
microstructure  measurements  were 
used  to  determine  the  age  (~40  dph) 
at  which  larvae  encountered  differ- 
ing water  mass  characteristics  of 
the  coastal  boundary  zone  (the  off- 
shore to  inshore  recruitment  corri- 
dor). Growth  rates  increased  after 
fish  encountered  lower-salinity  (<20) 
waters  of  the  coastal  boundary  zone 
and  estuary  of  Bayou  Tartellan,  LA. 
Temporal  variability  in  spawning  of 
Atlantic  croaker,  determined  with 
age-length  keys,  revealed  that  the 
highest  frequency  of  hatch  dates  oc- 
curred during  November  in  2006  and 
2007. 
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The  Atlantic  croaker  (Micropogonias 
undulatus)  in  the  western  Atlantic 
range  from  the  Gulf  of  Maine  to  the 
northern  Gulf  of  Mexico  (GOM).  That 
range  potentially  may  extend  into 
the  southern  GOM,  the  Lesser  An- 
tilles, and  southern  Caribbean  and 
from  Brazil  through  southern  Argen- 
tina (Smith,  1997).  The  status  of  the 
Atlantic  croaker  stock  is  unknown 
(NMFS,  2009),  although  it  is  expect- 
ed to  be  below  maximum  sustainable 
yield.  The  amount  of  Atlantic  croaker 
harvested  commercially  has  been  cy- 
clic, ranging  from  1100  metric  tons 
(t)  per  year  to  more  than  15,000  t 
per  year;  annual  levels  recently  were 
estimated  at  approximately  9000 
t,  with  a value  of  approximately  $8 
million  (NMFS,  2012).  These  fluctua- 
tions reflect  the  high  variability  in 
recruitment  patterns  driven  by  both 
small  and  large  spatial  and  temporal 
scales  of  environmental  conditions, 
such  as  wind  field  patterns,  storm 
frequency,  salinity,  temperature,  hy- 
poxic zones,  and  local  hydrographic 
features  (Norcross,  1983;  Norcross 
and  Austin,  1988;  Able,  2005;  Eby  et 
al.,  2005;  Montane  and  Austin,  2005). 


The  commercial  stock  is  further 
affected  by  the  amount  of  Atlantic 
croaker  that  is  caught  as  bycatch, 
principally  through  shrimp  trawl- 
ing— an  amount  that  is  calculated 
to  be  60-80%  of  the  catch  by  weight 
(NMFS,  2012).  The  amount  of  Atlantic 
croaker  caught  annually  as  bycatch 
can  total  from  100,000  to  400,000  t, 
and  data  from  the  1990s  indicated 
that  Atlantic  croaker  may  have  made 
up  almost  73%  of  the  total  bycatch  of 
short-lived  demersal  species  (NMFS, 
2009,  2012).  The  results  of  analysis  of 
samples  collected  during  1986-2006 
by  Southeast  Area  Monitoring  and 
Assessment  Program  crews  show  that 
the  Atlantic  croaker,  which  was  clas- 
sified as  a bycatch  species,  to  be  the 
dominant  species  by  weight  at  depths 
less  than  30  m off  the  Louisiana  coast 
(Helies  and  Jamison1).  At  depths 


1 Helies,  F.  C.,  and  J.  L.  Jamison.  2009. 
Reduction  rates,  species  composition, 
and  effort:  assessing  bycatch  within  the 
Gulf  of  Mexico  shrimp  trawl  fishery. 

NOAA/NMFS  Cooperative  Agreement 
Number  NA07NMF4330125  (#101).  Fi- 
nal Report,  182  p.  Gulf  and  South  At- 
lantic Fisheries  Foundation  Inc.,  Tampa, 
FL.  [Available  at  website.] 
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greater  than  30  m,  the  Atlantic  croaker  was  either  the 
second  or  third  bycatch  taxon  by  weight,  depending  on 
sampling  period  (Helies  and  Jamison1).  This  high  level 
of  bycatch  and  directed  fishing-induced  mortality  may 
increase  the  importance  of  minor  variations  in  mortal- 
ity rates  of  the  early  life  history  stages  to  overall  stock 
success,  variations  that  greatly  affect  recruitment  rates 
(Norcross,  1983;  Diamond  et  al.,  2000). 

A peak  in  spawning  occurs  from  July  through  De- 
cember and  in  larval  estuarine  recruitment  during 
October-November  (Cowan,  1988;  Ditty  et  ah,  1988; 
Warlen  and  Burke,  1990;  Barbieri  et  ah,  1994a).  Atlan- 
tic croaker  spawn  over  a wide  range  of  inner  continen- 
tal shelf  depths  (i.e.,  54  m or  shallower),  and  a portion 
of  the  population  moves  inshore  toward  estuaries  to 
complete  spawning  during  the  winter  and  early  spring 
months  (Barbieri  et  al.,  1994a,  1994b).  Hydrologic  vari- 
ability at  large  and  small  spatial  and  temporal  scales 
can  greatly  affect  the  numbers  of  Atlantic  croaker  lar- 
vae able  to  successfully  recruit  to  estuarine  nursery 
grounds  (Norcross,  1983;  Shaw  et  al.,  1988;  Raynie, 
1991;  Raynie  and  Shaw,  1994).  Once  larvae  are  in  the 
estuary,  lower  water  temperatures  in  the  first  winter 
increase  their  mortality  rate  as  verified  in  both  the 
field  (Norcross  and  Austin,  1988;  Hare  and  Able,  2007) 
and  laboratory  (Lankford  and  Targett,  2001a,  2001b). 

Previous  studies  on  age  and  growth  of  Atlantic 
croaker  generally  have  focused  on  the  Mid-Atlantic 
Bight  (MAB)  and  South  Atlantic  Bight  (SAB),  however, 
limited  studies  have  occurred  in  the  GOM.  For  these 
studies,  linear  growth  rate  models  have  been  created 
from  counts  of  daily  rings  within  otoliths  and  paired 
readers  have  found  growth  rates  between  0.16  and 
0.27  mm/d  (Warlen,  1982;  Thorrold  et  al.,  1997);  in  the 
GOM,  the  growth  rate  for  this  species  has  been  deter- 
mined to  be  0.19  mm/d  (Cowan,  1988).  The  occurrenc- 
es of  higher  growth  rates  for  larval  Atlantic  croaker 
during  the  spawning  and  estuarine  recruitment  peak 
in  the  late  summer  and  early  fall  and  of  lower  larval 
growth  rates  during  the  overwinter  period  and  into  the 
spring  have  led  to  the  notion  that  different  spawning 
subgroups  may  exist  (Warlen,  1982).  This  hypothesis  is 
further  supported  by  differences  in  growth  rates  and 
recruitment  dynamics  that  are  based  on  latitude  along 
the  estuaries  of  the  MAB  and  SAB  (Barbieri  et  al., 
1994b;  Thorrold  et  al.,  1997). 

Daily  formation  of  otolith  increments  have  been  con- 
firmed in  Micropogonias  (Campana,  1984;  Cowan,  1988; 
Albuquerque  et  al.,  2009),  making  such  increments  a re- 
liable proxy  for  age.  Otolith  rings  for  larval  fish,  formed 
daily,  not  only  can  provide  information  on  growth  rates 
but  can  also  be  used  to  estimate  approximate  times  of 
larval  estuarine  ingress  (i.e.,  transport  time  from  off- 
shore spawning  grounds  to  estuarine  nurseries)  (Hoover 
et  al.,  2012).  The  approximate  timing  of  larval  and  early 
juvenile  ingress  of  Atlantic  croaker  to  estuarine  nurs- 
eries from  offshore  spawning  grounds  in  the  MAB  and 
SAB  has  been  estimated  to  vary  between  30  and  60  d 
after  hatching.  (Warlen,  1980;  Warlen  and  Burke,  1990; 
Hettler  and  Hare,  1998;  Hoskin,  2002;  Hoover  et  al., 


2012).  Daily  otolith  rings  have  been  also  used  to  exam- 
ine environmental  parameters  that  affect  growth  and 
survivorship  (Campana,  1999;  Campana  and  Thorrold, 
2001)  and  to  determine  within-season  cohorts  for  At- 
lantic herring  ( Clupea  harengus),  on  the  basis  of  vari- 
able growth  between  seasons  in  the  same  year  (Brophy 
and  Danilowicz,  2002).  Larval  otolith  growth  rings  and 
microstructure  were  initially  examined  through  direct 
observation  by  paired  readers  using  light  microscopy; 
however,  video  and  digital  methods  have  become  preva- 
lent with  the  increase  in  image  resolution  from  high- 
mexapixel  digital  imaging  sensors  (Ralston  and  Wil- 
liams, 1989;  Campana,  1992;  Morales-Nin  et  al.,  1998). 

For  this  study,  we  had  5 primary  objectives.  The 
first  objective  was  to  define  and  determine  an  itera- 
tive digital  filtering  mechanism  that  can  provide  a 
more  accurate  and  automated  determination  of  daily 
increments  in  otoliths  of  larval  Atlantic  croaker.  The 
second  objective  was  to  determine  the  length  at  age 
of  Atlantic  croaker  larvae  collected  in  a tidal  pass  in 
the  northern  GOM  from  fall  through  spring  over  a 
2-year  recruitment  period.  The  third  objective  was  to 
compare  observed  larval  growth  rates  determined  from 
linear  and  nonlinear  growth  models  with  those  deter- 
mined from  previous  studies.  The  fourth  objective  was 
to  estimate,  on  the  basis  of  ring  counts  corrected  for 
hatching  date  and  time  at  first  ring  formation,  times 
for  estuarine  ingress  through  the  tidal  pass  from  the 
coastal  boundary  zone.  Finally,  the  fifth  objective  was 
to  determine  the  effect  of  hydrodynamic  patterns  asso- 
ciated with  differences  between  continental  shelf  and 
estuarine  waters  on  growth  of  larval  and  early  juvenile 
Atlantic  croaker. 


Materials  and  methods 

Sampling  location 

Ichthyoplankton  sampling  was  conducted  in  Bayou 
Tartellan,  near  Port  Fourchon,  Belle  Pass,  Louisiana 
(Fig.  1A).  Bayou  Tartellan  and  Bayou  LaFourche  are 
the  first  major  inland  channel  bifurcations  from  the 
connection  with  the  GOM  at  Belle  Pass  (29°5'  53.9"N, 
90°13'17.8"W).  The  location  of  sampling  was  within  a 
seasonally  well-mixed  tidal  pass  (i.e.,  tidal  pass  with 
little  stratification  in  temperature,  salinity  or  dis- 
solved oxygen)  that  has  high  turbidity  and  a relatively 
small  drainage  basin  that  contributes  a very  low  vol- 
ume of  freshwater  input.  The  site  (Fig.  IB;  29°6.82'N, 
90°11.07'W)  where  passive  sampling  was  conducted 
with  a plankton  net  was  located  at  the  end  of  a dock 
that  extended  3.7  m into  the  tidal  pass  from  the  north- 
ern bank  of  Bayou  Tartellan,  and  the  site  had  a water 
depth  of  approximately  10  m. 

Field  sampling  method 

Ichthyoplankton  sampling  was  conducted  with  a fixed 
davit  placed  at  the  end  of  the  dock  and  from  which 
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Figure  1 

(A)  Map  of  the  sampling  location  for  this  study  in  relation  to  the  Gulf  of  Mexico 
and  coastal  Louisiana.  The  upper  right  inset  represents  the  area  around  Port  Four- 
chon,  Belle  Pass,  Louisiana,  and  the  sampling  site  in  Bayou  Tartellan  identified 
by  a black  circle  on  the  map.  Sampling  for  larval  and  juvenile  Atlantic  croaker 
( Micropogonias  undulatus)  was  conducted  from  October  2006  through  April  2007 
and  then  from  September  2007  through  April  2008.  (Bl  Aerial  photograph  of  the 
sampling  site  on  Bayou  Tartellan;  the  black  circle  again  identifies  the  sampling 
site.  (C)  Diagram  of  the  sampling  system:  1)  fixed  dock  where  the  sampling  system 
was  attached,  2)  davit  that  was  used  to  extend  the  net  farther  into  the  channel,  3) 
cable  system  by  which  the  net  was  raised  and  lowered,  4)  water  surface,  5)  orienta- 
tion vane  for  the  net  system,  6)  60-cm  metal  ring  that  held  open  the  net  mouth,  7) 
pivoting  gimbal,  8)  333-pm  mesh  net,  dyed  dark  green,  and  9)  plastic,  vinyl-coated 
codend  with  333-pm  drainage  ports. 


a stainless  steel  cable  was  suspended  from  above  the 
sampling  deck  to  the  channel  bottom  (Fig.  1C).  Ichthyo- 
plankton  were  sampled  passively  with  a 60-cm  ring  net 
(333-pm  mesh,  2-m  length)  that  was  dyed  dark  green 
to  minimize  visibility,  and  hence  avoidance,  and  that 
was  attached  to  a gimbal  with  a vane  for  orientation 
into  the  current.  A plastic,  vinyl-coated  codend  with 


333-pm  mesh  drainage  ports  was  attached  to  the  end 
of  the  net  to  facilitate  sample  collection.  A flowmeter 
(model  no.  2030;  General  Oceanics2,  Miami,  FL)  with  a 


2 Mention  of  trade  names  or  commercial  companies  is  for  iden- 
tification purposes  only  and  does  not  imply  endorsement  by 
the  National  Marine  Fisheries  Service,  NOAA. 
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slow-velocity  rotor  was  positioned  just  off  center  of  the 
ring  to  determine  volume  of  filtered  water. 

Ichthyoplankton  samples  were  collected  every  4 h 
over  a 72-h  period,  twice  monthly  from  early  October 
through  April  over  a 2-year  period  (2006-2008),  except 
December  and  January,  when  samples  were  taken  only 
on  a monthly  basis.  In  addition,  there  were  2 sampling 
efforts  made  in  September  2007.  The  sampling  season 
was  chosen  to  coincide  with  wind-dominant  meteoro- 
logical events  (i.e.,  atmospheric  cold  front  passages) 
from  late  fall  to  early  spring  and  to  increase  the  prob- 
ability of  collecting  larvae  and  small  juveniles  (Her- 
nandez et  ah,  2010).  Individual  sampling  dates  were 
chosen  to  match  the  largest  astronomical  tidal  ranges. 
During  passive  sampling,  one  icthyoplankton  collec- 
tion was  taken  at  the  surface  and  another  near  the 
bottom.  They  were  taken  in  random  order  for  each 
sampling  effort.  Surface  collections  were  6 min  long, 
and  near-bottom  collections  were  10  min  long  to  com- 
pensate for  vertical  differences  in  current  speed  and, 
ultimately,  for  volume  of  filtered  water  (i.e.,  sampling 
effort).  For  near-bottom  collections,  the  net  mouth  was 
closed  during  deployment  until  the  net  was  in  position, 
was  opened  for  sampling,  and  was  closed  for  retrieval 
to  prevent  vertical  contamination  of  the  sample  during 
transit  through  the  water  column.  Surface  collections 
had  a mean  filtered  volume  of  13.3  m3  (standard  de- 
viation [SD]  16.8),  and  near  bottom  collections  had  a 
mean  filtered  volume  of  16.6  nr3  (SD  22.4).  Nets  were 
washed  down  with  a freshwater  source  to  avoid  biologi- 
cal contamination  from  marine  taxa. 

Ichthyoplankton  samples  were  fixed  initially  for 
approximately  3.5  h in  freshly  made,  buffered  (sodi- 
um phosphate,  dibasic  Na^PCV^O,  and  monobasic 
Na2HPC>4)  10%  formalin.  Samples  were  then  rinsed, 
thoroughly  drained,  and  switched  into  a 70%  ethanol 
solution.  This  procedure  parallels  methods  described 
by  Butler  (1992).  Although  some  studies  have  shown 
that  formalin  may  damage  otoliths  of  small  specimens 
(Brothers,  1984),  sagittal  otoliths  in  other  species  have 
not  shown  evidence  of  dissolving  (Re,  1983;  Landaeta 
et  ah,  2014),  especially  during  very  short  exposures. 

During  each  collection  of  icthyoplankton  samples, 
estuarine  hydrographic  parameters  were  measured 
dockside  with  a portable  YSI  85  instrument  (YSI  Inc., 
Yellow  Springs,  CO).  A continuously  sampling  YSI  600R 
multiparameter  water-quality  sonde  (YSI  Inc.),  moored 
on  the  bottom  of  the  channel  floor  offshore  of  the  dock, 
also  measured  the  same  parameters.  Hydrographic 
data  were  downloaded  periodically  as  necessary  and 
archived.  Predicted  diurnal  tides  were  obtained  from 
NOAA’s  Center  for  Operational  Oceanographic  Prod- 
ucts and  Services  (website)  for  a nearby  tide  gauge  sta- 
tion at  Port  Fourchon  (station  ID:  8762075;  29°6.8  N, 
90°11.9W).  Tide  height  data  and  the  difference  be- 
tween the  predicted  and  measured  tidal  prism  were 
downloaded  for  that  station. 

A bottom-mounted,  upward-looking  acoustic  Dop- 
pler current  profiler  (ADCP),  a 1200-kHz  broadband 
Workhorse  H-ADCP  (Teledyne  RD  Instruments,  Pow- 


ay, CA),  was  placed  in  the  center  of  Bayou  Tartellan 
(offshore  of  the  dock),  for  the  duration  of  the  study,  to 
measure  the  vertical  profile  of  current  velocity  and  di- 
rection. Boat  surveys  were  also  conducted  along  Bay- 
ou Tartellan  and  Bayou  LaFourche  out  to  Belle  Pass 
through  the  use  of  downward-looking  ADCPs  to  provide 
a channel-wide  correction  factor  for  the  mid-channel, 
stationary  upward-facing  ADCP.  A volume  transport 
was  calculated  in  cubic  meters  per  second  for  Bayou 
Tartellan  from  these  data.  To  remove  the  effects  of  tide 
and  inertia,  a sixth-order  40-h  Butterworth  low-pass 
filter  (Roberts  and  Roberts,  1978)  was  applied  to  the 
raw  volume  transport  to  produce  a net  water  transport 
(NWT).  These  net  transport  data  effectively  show  the 
lower-frequency  subtidal  oscillations  associated  with 
atmospheric  cold  front  events  and  other  wind-forcing 
factors,  and  these  data  filter  out  the  higher-frequency 
diurnal  tidal  oscillations  (Li  et  al.,  2009). 

Laboratory  methods 

In  the  laboratory,  ichthyoplankton  collections  with  a 
volume  of  material  greater  than  200  mL  were  divided 
in  half  with  a Motodo  plankton  splitter  (Motodo  Plank- 
ton Splitter,  Aquatic  Research  Instruments,  Hope,  ID 
83836),  and  those  collections  with  a volume  greater 
than  400  mL  were  split  into  quarters.  Samples  were 
sorted  under  a dissecting  stereoscope,  and  all  ichthy- 
oplankton were  removed.  A subset  of  sorted  samples 
was  checked  for  completeness  of  ichthyoplankton  re- 
moval by  a second  party  and  sorted  again  if  necessary. 

Ichthyoplankton  were  identified  to  the  lowest  taxo- 
nomic level  possible,  depending  on  size  and  physical 
condition  of  each  organism.  Some  larval  fishes  that 
were  difficult  to  identify  were  stained  with  Alizarin 
blue  and  Alizarin  red  to  facilitate  meristic  counts.  At- 
lantic croaker  larvae  and  early  juveniles  (hereafter 
referred  to  as  larvae  for  brevity)  were  separated  and 
stored  for  otolith  analysis.  Identifications  were  based 
on  literature  from  Fahay  (1983),  and  Richards  (2006). 

Atlantic  croaker  larvae  were  subsampled  for  otolith 
analysis  on  the  basis  of  a normal  distribution  of  stan- 
dard length  (SL)  of  all  specimens  collected.  Measure- 
ment of  SL  to  the  nearest  0.1  mm  was  conducted  with 
a Leica  MZ6  stereoscope  (Leica  Microsystems  Inc.,  Buf- 
falo Grove,  IL)  calibrated  against  a stage  micrometer. 
Atlantic  croaker  larvae  were  sampled  from  every  collec- 
tion that  contained  this  target  species.  For  samples  in 
which  3 or  less  Atlantic  croaker  larvae  were  collected, 
all  larvae  of  this  species  were  scheduled  for  otolith  re- 
moval. For  samples  that  contained  more  than  3 larvae 
of  Atlantic  croaker,  3 larvae,  specifically  the  shortest 
and  longest  specimens,  along  with  one  that  was  closest 
to  the  mean  SL  for  all  Atlantic  croaker  in  the  sample, 
were  selected  and  scheduled  for  otolith  removal. 

Otolith  removal,  preparation,  and  age  interpretation 

Removal  and  preparation  of  sagittal  otoliths  from  At- 
lantic croaker  larvae  selected  for  dissection  followed 


22 


Fishery  Bulletin  1 14(1) 


Figure  2 

(A)  Initial  image  taken  under  light  microscopy  of  otolith  from  larval  Atlantic  croaker  ( Micro - 
pogonias  undulatus)  collected  from  Bayou  Tartellan,  Louisiana,  from  October  2006  through 
March  2007  and  from  September  2007  through  March  2008.  The  black  line  from  the  center 
to  the  lower  left  represents  the  radius  used  for  reading.  (B)  Otolith  image  after  digital  im- 
age enhancement.  The  black  line  from  the  center  to  the  lower  left  is  the  same  radius  as  the 
one  on  the  previous  image.  (C)  Initial  grayscale  measurement  along  the  radius  from  the 
center  of  the  otolith  to  the  edge.  (D)  Grayscale  measurements  along  the  same  radius  after 
low  pass  filtering. 


the  method  described  by  Barbieri  et  al.  (1994a,  1994b). 
All  dissections  were  conducted  with  an  Olympus  SZX12 
stereoscope  (Olympus  Corp.,  Tokyo)  with  a lx  objective 
lens.  Both  left  and  right  sagittal  otoliths  were  removed 
and  placed  on  a slide  with  Permount  mounting  medi- 
um (Thermo  Fisher  Scientific,  Waltham,  MA),  the  left 
otolith  concave  side  up  and  the  right  otolith  concave 
side  down.  Otoliths  were  polished  with  0.3-pm  alumina 
paste  and  a microcloth  to  reveal  the  core.  Otoliths  were 
etched  with  0.1-N  hydrochloric  acid  for  between  10  and 
20  s to  facilitate  readability  under  a compound  stereo- 
scope. Digital  images  were  taken  at  a magnification 
from  500x  to  1250x  with  an  Olympus  BX41  compound 
stereoscope  equipped  with  a phase  contrast  filter  to 
highlight  light-  and  dark-ring  discontinuity  zones  of 
otoliths  with  oil  immersion  (Fig.  2A). 

Adobe  Photoshop  CS4,  vers.  11.0  (Adobe  Systems 
Inc.,  San  Jose,  CA)  was  used  to  convert  the  image  from 
color  to  grayscale  and  to  enhance  differences  between 
light  and  dark  rings  by  increasing  contrast  and  bright- 
ness (Fig.  2B).  Measurements  of  otolith  radii  lengths, 
the  distance  from  the  otolith  nucleus  to  the  distal  edge, 
and  of  grayscale  values  for  each  radius  were  conduct- 
ed with  Image J image  analysis  software,  vers.  1.44p, 
(National  Institutes  of  Health,  Bethesda,  MD).  Mea- 
surement of  each  radius  produced  a calibrated  length 


and  corresponding  grayscale  values  that  ranged  from 
0 (black)  to  255  (white)  along  that  radius.  A central 
radius  and  2 radii  to  the  left  and  right  of  the  central 
radii,  offset  by  a single  pixel  each,  were  measured.  All 
5 radii  were  averaged  to  produce  the  grayscale  values 
later  used  for  filter  analysis,  to  avoid  the  bias  that 
could  be  introduced  by  choice  of  the  radius  for  reading 
(Morales-Nin  et  al.,  1998).  Radius  length  and  grayscale 
data  were  collected  for  each  otolith  that  was  imaged 
(Fig.  20. 

Image  data  were  imported  into  MATLAB,  vers. 
7.6.0.324  R2008a  (The  MathWorks  Inc.,  Natick,  MA)  for 
filtering  and  nominal  age  determination.  Low  pass  fil- 
ter structure  was  determined  with  a fast  Fourier  trans- 
form (FFT)  to  transform  the  initial  radii  measurements 
into  frequencies  to  identify  and  exclude  high-frequency 
subdaily  discontinuities  from  the  otolith  radius.  The 
low-pass  filter  was  fitted  iteratively  to  the  individual 
otoliths,  on  the  basis  of  the  understanding  that  the  Ny- 
quist  frequency  is  the  daily  otolith  increment  accreted 
by  the  larvae.  As  noted  by  Morales-Nin  et  al.  (1998), 
this  iterative  fitting  is  done  for  each  otolith  because  of 
increments  of  varying  radius  length  between  otoliths, 
differences  in  magnification,  and  variable  growth  rates 
for  individuals.  An  inverse  FFT  was  then  performed  to 
transform  the  signal  from  the  frequency  domain  back 
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into  the  distance  measurements  for  location  of  the 
sinusoidal  peaks  and,  therefore,  of  the  position  and 
width  of  the  respective  rings  along  the  radius  used  for 
reading  (Fig.  2D). 

Ten  otoliths  were  selected  at  random  to  be  analyzed 
by  using  the  traditional  paired-reader  method.  These 
results  were  then  used  to  compare  them  against  2 new, 
independently  run  FFT-generated  ring  counts.  The 
same  number  of  rings  were  observed  for  all  10  otoliths 
through  the  independently  run  FFT  method,  and  only 
1 otolith  had  a difference  of  1 ring  between  the  FFT 
method  and  the  paired-reader  method. 

Otolith  aging  and  larval  hatching  dates 

Larval  age,  estimated  as  days  after  hatching  (dah), 
was  determined  from  the  increment  counts  for  each 
otolith  radius  with  the  methods  previously  described. 
Daily  formation  of  increments  has  been  validated  and 
deposition  has  been  confirmed  to  have  a positive  rela- 
tionship to  growth  of  larval  Atlantic  croaker  (Searcy, 
2005).  Moreover,  daily  increment  formation  has  been 
confirmed  and  validated  for  other  species  in  the  fam- 
ily Sciaenidae  that  live  in  similar  environments,  such 
as  red  drum  ( Sciaenops  ocellatus\  Wilson  et  al.,  1987) 
and  spot  ( Leiostomus  xanthurus;  Warlen  and  Chester, 
1985).  For  the  purposes  of  our  analysis,  we,  therefore, 
assumed  that  increment  deposition  occurs  daily.  Fol- 
lowing the  methods  used  by  Cowan  (1988)  and  on  the 
basis  of  laboratory  work  (Arnold3),  we  applied  a 4-d 
lag  for  first  increment  formation  after  hatching  for 
larvae  of  Atlantic  croaker,  (Warlen  and  Chester,  1985). 
This  application  resulted  in  a calculation  of  total  age 
by  adding  4 to  the  otolith  count.  Estimated  ages  were 
calculated  for  specimens  for  which  otolith  radii  were 
measured.  Ages  were  estimated  for  all  other  larvae  and 
early  juveniles  not  selected  for  dissection  by  using  age- 
length  keys  and  the  FSA  package  for  R software,  vers. 
2.13.0  (R  Development  Core  Team,  2011).  The  hatching 
date  was  determined  by  subtracting  the  age  (dah)  from 
the  date  of  collection. 

Growth  and  timing  of  estuarine  ingress 

A linear  model  was  run  to  allow  direct  comparison  of 
our  results  with  those  of  previous  studies  where  a lin- 
ear model  was  used.  Larval  growth  of  Atlantic  croaker 
is  slowest  near  the  hatching  date,  increases  thereafter, 
and  slows  again  as  larvae  settle  and  begin  further  or- 
gan and  sensory  development;  therefore,  a derivative 
of  the  Gompertz  model  was  selected  as  the  nonlinear 
model  for  our  study  because  it  highlights  this  specific 
pattern  of  growth  (Gompertz,  1825).  Somatic  growth  of 
larval  Atlantic  croaker  was  modeled  with  only  the  di- 
rectly analyzed  otolith  data  by  using  a Laird-Gompertz 
growth  model  (Laird  et  al.,  1965;  Zweifel  and  Lasker, 


3 Arnold,  C.  R.  1983.  Univ.  of  Texas  Mariculture  Project 
1982-1983,  36  p.  Marine  Science  Institute,  Univ.  Texas,  Port 
Aransas,  TX. 


1976;  Lozano  et  al.,  2012).  This  model  had  a set  inter- 
cept of  Lnun=1.5  mm  in  notochord  length  (NL)  to  ac- 
curately represent  the  hatching  length  (dah=0;  Warlen, 
1980;  Cowan,  1988;  Barbieri  et  al.,  1994a,  1994b).  We 
used  the  following  equation  for  the  Laird-Gompertz 
growth  model: 


where  Lt  = 


L 


null  = 


a - 
k = 


the  SL,  measured  in  millimeters,  at  an  age 
(dah); 

the  SL  at  hatching  for  Atlantic  croaker; 
the  rate  of  exponential  decay;  and 
a dimensionless  parameter  so  that  ka  rep- 
resents the  instantaneous  growth  rate  at 
hatching. 


Hindcasting  was  used  to  estimate  growth  rates  with 
the  Laird-Gompertz  growth  model  (Lozano  et  al.,  2012) 
for  ages  of  larvae  that  were  not  sampled,  because  lar- 
vae were  located  offshore  at  these  early  ages, 

Instantaneous  growth  rates  (i.e.,  the  rate  of  growth 
at  a particular  time  in  dah)  were  estimated  with  the 
maximum  growth  rates  calculated  both  from  the  equa- 
tion for  the  first  derivative  of  the  Laird-Gompertz  mod- 
el and  from  the  mean  growth  rates  calculated  on  10-d 
intervals.  We  used  the  following  equation  to  determine 
the  first  derivative  of  the  Laird-Gompertz  model: 

Gm  = LDulleka-e~at)*(kae-at\  (2) 


where  Gpj  = the  instantaneous  daily  growth  rate  by 
means  of  the  first  derivative  of  the 
Laird-Gompertz  model. 

Mean  growth  rates  for  the  10-d  interval  were  calcu- 
lated with  the  following  equation: 

Gf-  = '-Lt2  ~-t-1  ] , where  t2  > tl  (3) 

10  A t 


and  where  = the  average  growth  rate  for  that  10-d 
interval; 

Lt i = the  modeled  SL  at  an  initial  time  ; and 
Lt 2 = the  modeled  SL  at  time  . 

Instantaneous  growth  rates  then  were  determined 
from  the  natural  log  of  the  lengths  in  the  mean  growth 
equation  described  above. 

The  estuarine  recruitment  date  for  larvae  was  de- 
termined from  the  difference  in  the  width  of  the  daily 
increments  and  variation  in  distance  of  the  ring  from 
the  otolith  core.  The  recruitment  date  for  the  pretrans- 
formation larvae  (<10  mm)  was  determined  as  the  day 
after  hatching  at  which  there  was  an  increase  in  the 
ring  width  and  an  increase  in  the  distance  between  2 
adjacent  rings.  Movement  by  the  larvae  into  the  estu- 
ary, where  there  is  lower  salinity,  increased  nutrient 
loads,  and  higher  primary  production,  has  been  shown 
to  cause  a rapid  increase  in  growth  for  larvae  and 
young-of-the-year  juveniles  (Hoss  et  al.,  1988;  Moser 
and  Gerry,  1989). 

A multivariate  analysis  of  variance  (MANOVA) 
was  performed  to  test  for  differences  in  length  and 
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age  between  seasons,  nested  within  years.  A signifi- 
cant result  from  a MANOVA  model  would  indicate 
that  there  were  differences  in  the  composition  of 
length  and  ages  in  the  larvae  and  early  juveniles  of 
Atlantic  croaker  that  were  collected.  Growth  rates 
were  tested  with  an  F-test  to  compare  the  residu- 
al sums  of  squares  for  the  pooled  Laird-Gompertz 
growth  model  with  those  of  the  Laird-Gompertz 
growth  models  that  were  fitted  by  season  and  sam- 
pling year  (Chen  et  al.,  1992). 

Distributions  of  lengths  and  calculated  ages  that 
were  based  on  readings  of  otoliths  were  tested  for 
normality  with  a Shapiro-Wilk’s  test.  A mixed  model 
was  applied  by  using  R software  (vers.  2.13.0)  to  look 
at  growth  rates  of  individual  larvae  with  respect  to 
salinity,  temperature,  and  NWT  within  the  tidal  pass: 

yLJ  =P0  + ^Salinity  ;j  + f32 WaterTemp ;j  + p3 NWT. t ^ ^ 
+ P4Tide^  + T;  + E;j, 

where  jqj  = the  response  variable  of  growth  rate  for  the 
random  group  i and  individual  j; 

Po  = the  intercept  term; 

P parameters  = the  effects  for  each  of  the  variables 
(i.e. , salinity,  water  temperature,  and 
NWT),  with  tide  being  a binary  dummy 
variable  for  each  of  the  tide  states  (i.e., 
flood  or  ebb); 

ri  = the  random  effect  of  sampling  month  when 
the  larvae  were  collected;  and 
eij  = the  random  error  term  for  the  model. 

Results 

Hydrology 

There  were  no  statistical  differences  in  water  tempera- 
ture by  sampling  depth.  This  result  is  consistent  with 
a seasonally,  vertically  well-mixed  tidal  pass,  such  as 
Bayou  Tartellan.  Generally,  water  temperatures  fol- 
lowed the  normal  seasonal  trends,  in  which  water  was 
warmer  during  the  early  fall  (i.e.,  September  and  Oc- 
tober) and  cooler  during  the  winter  before  rising  again 
during  March  and  April.  There  was  a noticeable  drop 
in  temperature  during  November  2006,  and  median 
water  temperature  remained  below  15°C  through  early 
February  2007.  During  the  winter  months,  colder  tem- 
peratures and  greater  temperature  fluctuations  were 
recorded  than  those  recorded  during  fall  or  spring 
months.  In  particular,  for  the  December  2007  sampling 
effort,  there  was  a fluctuation  range  of  10.2°C  during 
the  72-h  sampling  period.  Although  water  temperature 
also  decreased  in  November  2007,  the  median  water 
temperature  did  not  fall  below  17°C  during  all  remain- 
ing sampling  efforts,  resulting  in  higher  water  temper- 
atures during  year  2 of  sampling. 

No  statistically  significant  differences  were  found 
between  surface  or  near-bottom  salinities,  once  again 
supporting  a seasonally,  vertically  well-mixed  estu- 


ary. In  general,  95%  of  all  measured  practical  salinity 
values  fell  between  21.5  and  31.4  within  a total  range 
of  14.5-33.2  and  with  a mean  of  27.32.  Median  salin- 
ity values  dropped  by  more  than  5 between  December 

2006  and  January  2007.  In  early  February  2007,  the 
median  value  was  similar  to  that  of  January  2007  but 
ranged  from  as  high  as  32  to  a low  of  nearly  20  over 
a 4-d  period.  Aside  from  median  salinities  of  approxi- 
mately 28  in  late  February  2007,  the  median  salinity 
in  Bayou  Tartellan  remained  below  25  until  early  April 
2007.  Salinities  during  late  2007  and  early  2008,  with 
the  exception  of  early  March,  showed  less  variation 
and  were  generally  higher  than  those  of  the  previous 
sampling  year. 

Catches  of  larval  Atlantic  croaker 

There  were  3118  larval  and  early  juvenile  Atlantic 
croaker  collected  from  October  2006  through  March 
2007,  and  425  larvae  were  collected  from  September 

2007  through  March  2008.  Sampling  continued  through 
April  in  both  2007  and  2008;  however,  no  Atlantic 
croaker  were  collected  during  that  period.  Catches 
in  November  2006  accounted  for  53.5%  of  the  total 
number  of  Atlantic  croaker  larvae  collected  over  both 
sampling  periods.  As  in  2006,  collections  made  in  No- 
vember 2007  had  the  greatest  number  of  larvae  caught 
in  the  second  sampling  period,  but  a second  peak  was 
observed  in  March  2008. 


Table  t 

Hatching  dates  for  larval  and  early  juvenile  Atlantic 
croaker  ( Micropogonias  undulatus)  collected  in  Bayou 
Tartellan,  Louisiana  during  2006-2008.  Hatching  dates 
are  based  on  back-calculated  otolith  ages  and  collection 
dates  after  application  of  age-length  keys.  Percentages 
of  the  total  number  of  larvae  collected  in  that  sampling 
year  and  cumulative  percentages  are  based  on  half- 
month intervals. 


Interval 

2006-2007 

2007-2008 

% 

Cumulative 

% 

% 

Cumulative 

% 

08/15-08/31 

0.26 

0.26 

0.00 

0.00 

09/01-09/15 

8.97 

9.23 

4.65 

4.65 

09/16-09/30 

29.74 

38.97 

21.71 

26.36 

10/01-10/15 

32.56 

71.54 

17.83 

44.19 

10/16-10/31 

10.51 

82.05 

18.60 

62.79 

11/01-11/15 

2.05 

84.10 

3.88 

66.67 

11/16-11/30 

4.10 

88.21 

5.43 

72.09 

12/01-12/15 

6.15 

94.36 

1.55 

73.64 

12/16-12/31 

0.26 

94.62 

3.10 

76.74 

01/01-01/15 

1.28 

95.90 

6.98 

83.72 

01/16-01/31 

3.08 

98.97 

10.85 

94.57 

02/01-02/15 

1.03 

100.00 

5.43 

100.00 

02/16-02/28 

0.00 

100.00 

0.00 

100.00 
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Figure  3 

Relationships  of  estimates  of  standard  length  (SL)  versus 
age  in  days  after  hatching  (dah)  determined  with  a Laird- 
Gompertz  growth  model,  for  larval  Atlantic  croaker  ( Micropo- 
gonias undulatus)  collected  from  Bayou  Tartellan,  Louisiana, 
from  October  2006  through  March  2007  and  from  September 
2007  through  March  2008.  This  model  was  forced  through 
the  intercept  at  the  estimated  1.5-mm  notochord  length  at 
hatching  to  accurately  reflect  length  at  hatching.  Boxplots 
show  the  median,  25%  and  75%  quantiles,  and  95%  confi- 
dence intervals,  and  outliers  are  provided  for  each  axis.  The 
Laird-Gompertz  model  was  parameterized  with  the  following 
equation:  SL  = 1.5.^.6132720^-°™^ 


Length,  age,  and  hatching  dates  determined  from  counts 
of  otolith  increments 

Sagittal  otoliths  were  removed  from  203  larvae  and 
early  juveniles  of  Atlantic  croaker.  Of  those  removed, 
13  otoliths  were  not  readable  and  were  excluded  from 
analysis.  The  length  frequency  plot  of  all  larval  Atlan- 
tic croaker  that  were  aged  (A^=  190 ) followed  a normal 
distribution  (Shapiro-Wilk:  P=0.43),  with  a mean  of  8.3 
mm  SL  (SD  5.4)  and  range  from  3.5  to  15.3  mm  SL). 
However,  the  distribution  of  lengths  was  flatter  in  year 
1 (SD=2.5  mm  SL)  than  in  year  2 (SD=2.0  mm  SL). 
All  ages  of  larval  Atlantic  croaker,  from  both  direct 
measurement  and  estimation,  also  followed  a normal 
distribution  (Shapiro-Wilk:  P=0.11)  with  a mean  age 
of  41  dph  (SD  10.1),  a median  of  39  dah,  and  a range 
of  20-70  dah. 

In  general,  SL  increased  as  the  spawning  and  re- 
cruitment season  progressed.  Smaller  larvae  (<7  mm 
SL)  were  most  prevalent  in  October  for  sampling  year  1 
and  in  September  and  October  for  sampling  year  2.  For 
both  sampling  periods,  the  median  SL  of  larvae  sampled 
began  to  stabilize  in  late  November  and  early  Decem- 


ber and  remained  relatively  constant  through  the 
spring.  In  both  sampling  years,  the  highest  num- 
bers of  hatching  dates  occurred  between  16  Sep- 
tember and  31  October  (Table  1).  In  year  1,  cumu- 
latively, more  than  95%  of  all  calculated  hatching 
dates  had  occurred  before  15  January  2007,  but, 
during  year  2,  the  95%  cumulative  distribution 
was  not  reached  until  early  February  2008,  after 
a small,  secondary  peak  in  late  January. 

Modeled  growth  rates  and  dates  of  estuarine 
ingress 

There  was  a significant  linear  relationship  be- 
tween measured  lengths  and  estimated  ages  for 
larval  Atlantic  croaker  (P<0.001;  coefficient  of  de- 
termination [r2]=0.76).  The  linear  model  indicated 
that  the  average  growth  rate  was  0.20  mm/d,  and 
it  underestimated  the  hatching  length  (at  0.97 
mm  NL).  The  Laird-Gompertz  growth  model  for 
the  entirety  of  the  data  set,  forced  through  the 
1.5-mm-NL  hatching  length,  provided  a model  fit 
that  accounted  for  changes  in  growth  rate  due  to 
sensory  and  organ  development  better  than  the 
fit  of  the  linear  model,  which  had  nonstatistically 
independent  and  nonhomoscedastic  errors  that 
indicated  a nonlinear  relationship  of  growth  rates 
that  were  variable  through  time.  However,  it  only 
partially  accounted  for  a slower  initial  growth 
rate  at  ages  less  than  20  dah  (Fig.  3). 

The  sum  of  squared  residuals  was  significantly 
reduced  when  models  were  fitted  by  season  and 
sampling  year  than  when  a model  was  fitted  with 
data  pooled  from  both  sampling  years  (P=0.007). 
Length,  age,  and  growth  were  significantly  differ- 
ent for  seasons  within  years  (P<0.001).  Larvae 
collected  during  the  peak  spawning  and  recruit- 
ment season  from  September  through  December  of 

2006  and  2007  were  shorter  and  younger  than  those 
collected  from  January  through  March  of  2007  and 
2008  (Fig.  4A;  Chambers  et  ah,  1983).  Initial  growth 
rates  in  the  fall  (September-December)  of  2006  and 

2007  were  lower  than  those  in  the  spring  (January- 
March)  of  2007  and  2008,  but  they  steadily  increased 
and  did  not  level  off  at  older  ages.  In  contrast,  larvae 
collected  in  the  spring  of  2007  and  2008  had  higher 
initial  growth  than  those  collected  in  the  previous  fall 
seasons,  but  rates  in  both  spring  seasons  leveled  off 
quickly  and  resulted  in  shorter  fish  at  ages  greater 
than  50  dah  and  60  dah,  respectively  (Fig.  4B).  Com- 
pared with  patterns  observed  in  year  1,  the  difference 
in  patterns  of  larval  growth  rates  in  fall  compared  with 
those  in  spring  was  more  pronounced  in  year  2,  when 
there  were  generally  warmer  water  temperatures  and 
higher  salinities. 

The  ages  and  magnitudes  of  maximum  growth  rates 
for  larval  Atlantic  croaker  differed  significantly  within 
sampling  year  by  season  in  the  Laird-Gompertz  models 
(P<0.001).  Overall,  the  Laird-Gompertz  models  fitted 
by  year  and  season  showed  that  the  maximum  growth 
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Figure  4 

(A)  Boxplots  from  a comparison  of  estimates  of  standard  lengths 
(SL)  and  ages  in  days  after  hatching  (dah),  by  season,  for  otoliths 
of  larval  Atlantic  croaker  ( Micropogonias  undulatus ) collected  from 
October  2006  through  March  2007  (year  1)  and  from  September 
2007  through  March  2008  (year  2).  Fall  sampling  was  conducted 
during  September-December  and  spring  sampling  occurred  during 
January-March.  Nonoverlapping  notches  between  any  2 boxplots 
represent  “strong  evidence”  of  statistically  different  median  val- 
ues, as  described  by  Chambers  et  al.  1983.  (B)  Relationships  of  SL 
versus  age  determined  with  the  Laird-Gompertz  growth  models  for 
otoliths  of  larval  Atlantic  croaker,  by  season  and  sampling  year.  All 
models  are  forced  through  the  intercept  at  the  estimated  1.5-mm 
notochord  length  at  hatching  to  accurately  reflect  growth  rates  at 
ages  in  dah  less  than  the  minimum  otolith  determined  age.  Model 
parameterizations  were  calculated  as  follows: 

„2.89159(l-e_002156Age ) . 


Fall  of  year  1:  SL  = 1.5ez 
Fall  of  year  2:  SL  = 1.5-e 


Spring  of  year  1:SL  = 1.5-e 


2.50594(1— e_002893Age ) . 


2.54838(1— c~°'02152Age ) . 


Spring  of  year  2:  SL  = 1.5  e 


2.112601 1— <r°'04726 -*8®) . 


rates  in  the  fall  occurred  when  larvae  were 
approximately  20  dah  younger  than  larvae 
whose  maximum  growth  rates  occurred  in 
spring.  The  maximum  instantaneous  growth 
rate  was  higher  in  fall  2006  (0.214  mm/d;  49 
dah)  than  in  fall  2007  (0.177  mm/d;  37  dah), 
but  larvae  in  the  fall  of  each  year  had  the 
same  minimum  growth  rate  of  0.093  mm/d 
(Fig.  5).  A greater  initial  instantaneous 
growth  rate  was  observed  in  spring  2008 
(0.150  mm/d)  than  in  spring  2007  (0.113 
mm/d).  Although,  the  maximum  instanta- 
neous growth  rate  in  spring  2008  (0.216 
mm/d)  was  greater  than  the  maximum  rate 
in  spring  2007  (0.196  mm/d),  it  occurred  at 
an  earlier  age  (16  dah  versus  32  dah)  and 
decreased  rapidly  thereafter.  The  10-d  aver- 
ages for  the  2 sampling  years  were  slightly 
different.  The  highest  average  growth  rate 
in  year  1 was  0.203  mm/d  at  ages  between 
40  and  50  dah  (Table  2),  correlating  with 
a peak  at  49  dah  in  the  fall  of  sampling 
year  1 (Fig.  5).  In  year  2,  the  highest  aver- 
age growth  rate  of  0.193  mm/d  occurred  at 
ages  between  20  and  30  dah  (Table  2) — a 
rate  that  was  consistent  with  the  peak  in 
instantaneous  growth  rates  that  occurred  at 
16  dah  during  the  spring  of  year  2 (Fig.  5). 

The  estimated  average  date  of  estuarine 
ingress  after  hatching  was  similar  for  both 
fall  and  spring  seasons  in  both  sampling 
years,  but  there  were  differences  between 
seasons  in  the  mean  distance  of  the  ring 
from  the  otolith  core.  Regardless  of  season 
or  year,  rapid  changes  in  distance  of  the 
ring  from  the  core  and  ring  width  happened 
around  40  dah,  before  the  ontogenetic  shift 
from  late  larvae  to  early  juvenile  has  been 
reported  to  occur  at  approximately  10  mm 
SL  (Barbieri  et  al.,  1994a,  1994b).  Mean 
distance  of  the  otolith  ring  from  the  core, 
as  a proxy  for  growth,  was  fairly  stable  be- 
fore 40  dah  and  increased  more  rapidly  and 
became  more  variable  after  that  point  (Fig. 
6A).  In  particular,  in  spring  2007  and  2008, 
distances  from  the  core  were  greater  than 
the  distances  for  the  same  age  in  the  fall  of 
2006  and  2007.  Mean  otolith  ring  width  was 
somewhat  constant  at  approximately  0.5  pm 
for  the  fall  of  both  sampling  years  and  1.1 
pm  for  the  spring  of  both  years  until  40 
dah,  when  mean  ring  width  became  much 
more  variable  and  generally  increased  with 
ring  count  thereafter  (Fig.  6B). 

Statistical  analysis 

The  mixed  model  fitted  for  water  tempera- 
ture, salinity,  and  NWT,  by  tide,  to  the  es- 
timated growth  rate  of  all  individuals  col- 
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Maximum  growth  rates  for  Atlantic  croaker  ( Micropogonias  undu- 
latus) larvae  and  early  juveniles  collected  in  Bayou  Tartellan,  Loui- 
siana, from  October  2006  through  March  2007  and  from  September 
2007  through  March  2008,  based  on  the  first  derivative  of  the  Laird- 
Gompertz  growth  model  for  otoliths  of  larval  Atlantic  croaker.  Solid 
lines  indicate  daily  growth  rates  (mm/d I as  the  slopes  of  the  estimates 
from  the  Laird-Gompertz  models  at  any  age  in  days  after  hatching 
(dah).  Dashed  lines  indicate  the  maximum  growth  rates  for  fall  of  year 
1 (2006),  fall  of  year  2 (2007),  spring  of  year  1 (2007),  and  spring  of 
year  2 (2008). 


lected  during  both  sampling  years,  having  significant 
model  terms  for  all  continuous  variables.  The  only 
model  terms  that  were  not  significant  at  the  a priori 
alpha  level  of  0.05  were  tidal  stage  and  salinity  as  a 
function  of  tidal  stage.  The  nonsignificance  of  the  tidal 
stage  term  is  likely  a function  of  masking  due  to  higher 
order  interaction  terms. 

The  individual  model  terms  generally  showed  a 
trend  of  increased  growth  rate  with  ingress  through 
the  tidal  pass,  supporting  the  notion  that  otolith  ring 
width  and  growth  rate  both  increase  at  ingress,  regard- 
less of  sampling  year  or  season.  The  interaction  of  ebb 
tides  with  water  temperature  showed  higher  growth 
associated  with  colder  temperatures  that  are  indicative 
of  shallow  estuarine  waters  during  late  fall  and  win- 
ter (October-March)  (P=0.040;  Fig.  7A).  The  flood  tide 
interaction  with  water  temperature  showed  a similar 
trend,  although  more  muted,  likely  a result  of  high- 
er temperatures  of  waters  from  the  inner  continental 
shelf  to  the  coast.  Increased  growth  was  also  associ- 
ated with  decreasing  salinity,  regardless  of  tidal  stage, 
resulting  in  a nonsignificant  interaction  (P=0.901),  al- 


though the  95%  confidence  interval  was 
much  larger  at  lower  salinities  during 
flood  tides  (Fig.  7B).  As  with  interactions 
with  water  temperature,  modeled  growth 
rates  associated  with  salinities  that  were 
more  consistent  with  estuarine  condi- 
tions were  significantly  greater  (P=0.046) 
than  growth  rates  associated  with  higher 
salinities.  Higher  growth  rates  also  were 
associated  with  large  negative  NWT  on 
ebb  tides,  indicative  of  lower-salinity  wa- 
ters further  up  the  estuary  (P=0.001;  Fig. 
1C).  However,  during  flood  tides,  no  rela- 
tionship was  apparent  statistically. 

Discussion 

Successful  estuarine  recruitment  of  At- 
lantic croaker  larvae  through  tidal  pass- 
es along  the  northern  GOM  depends  on 
a highly  variable  spawning  regime,  on 
advantageous  environmental  conditions 
such  as  hydrographic,  tidal,  and  wind- 
forcing factors,  and  ultimately  on  lar- 
val growth  (Norcross  and  Austin,  1988; 
Eby  et  al.,  2005;  Montane  and  Austin, 
2005).  Hindcasting  of  the  Laird-Gom- 
pertz  growth  model  to  0 dah  allowed  us 
to  infer  growth  rates  of  larvae  along  the 
recruitment  corridor  across  the  continen- 
tal shelf  and  coastal  zone.  The  bottleneck 
nature  and  the  highly  variable  hydrody- 
namic environment  of  a seasonally  well- 
mixed  tidal  pass  at  Bayou  Tartellan,  as 
well  as  the  associated  increase  of  larval 
growth  with  ingress  into  the  estuarine 
nursery  ground  (Searcy  et  al.,  2007),  pre- 
sented the  challenges  and  rewards  of  successful  estua- 
rine recruitment  for  larval  Atlantic  croaker  that  were 
spawned  offshore. 

The  highest  frequency  of  hatching  dates  occurred 
between  late  September  and  early  October  for  both 
sampling  years,  but  hatching  continued  through  the 
late  winter  and  early  spring  (Fig.  5),  indicating  an 
overwinter  spawning  and  recruitment  period.  The  peak 
hatching  dates  corresponded  well  with  the  previously 
described  period  of  July  through  December  for  peak 
spawning  and  recruitment  (Warlen  and  Burke,  1990; 
Barbieri  et  al.,  1994b)  and  with  an  overall  spawning 
and  recruitment  period  from  August  through  May  (Het- 
tler  and  Chester,  1990).  Differences  in  the  distribution 
of  hatching  dates  between  year  1 and  year  2 of  the 
study  highlight  the  variability  in  yearly  spawning  of 
Atlantic  croaker  that  was  due  to  factors  on  various 
spatial  (Miller  and  Able,  2002)  and  temporal  (Norcross, 
1983)  scales.  For  example,  year  2 distribution  of  hatch- 
ing dates  peaked  less  than  that  of  year  1.  In  addition, 
a higher  percentage  of  larvae  were  recruited  in  the 
months  after  December  2007  than  in  other  periods, 
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Table  2 

Average  growth  rates  (mm/d)  and  instantaneous  growth  rates  (G)  for  larval  and 
early  juvenile  Atlantic  croaker  ( Micropogonias  undulatus ) collected  in  Bayou  Tartel- 
lan, Louisiana,  based  on  otolith  data  grouped  by  age  blocks  of  10  days  after  hatching 
(dah).  Rates  are  provided  for  2 sampling  years — October  2006  through  March  2007 
and  September  2007  through  March  2008 — and  for  the  overall  combined  data. 


Blocks  (dah) 

2006-2007 

2007-2008 

Overall 

(mm/d) 

G 

(mm/d) 

G 

(mm/d) 

G 

0-10 

0.115 

0.057 

0.138 

0.065 

0.124 

0.060 

10-20 

0.152 

0.045 

0.175 

0.048 

0.161 

0.046 

20-30 

0.181 

0.036 

0.193 

0.035 

0.187 

0.036 

30-40 

0.198 

0.029 

0.190 

0.025 

0.196 

0.027 

40-50 

0.203 

0.023 

0.173 

0.019 

0.192 

0.021 

50-60 

0.198 

0.018 

0.149 

0.014 

0.178 

0.016 

60-70 

0.185 

0.014 

0.122 

0.010 

0.158 

0.013 

indicating  a more  protracted  spawning  season  (Barb- 
ieri  et  al.,  1994a).  The  second  peak  in  hatching  dates 
in  late  January  and  early  February  for  both  sampling 
years  indicates  a possible  second  spawning  subgroup 
(Fig.  6;  Warlen,  1980;  Thorrold  et  al.,  1997).  Warmer 
water  temperatures  during  winter  sampling  efforts  in 
year  2 were  very  similar  to  temperatures  during  the 
fall  months  in  sampling  year  1,  potentially  explaining 
the  protracted  spawning  season  in  2007-2008  (Lank- 
ford and  Targett,  2001a,  2001b;  Hare  and  Able,  2007). 

Growth  rates  of  larval  and  early  juvenile  Atlantic 
croaker  collected  in  Bayou  Tartellan  increased  and  be- 
came variable  after  larvae  encountered  lower-salinity 
(<20)  coastal  boundary  and  estuarine  waters,  as  did 
growth  rates  for  Atlantic  croaker  when  entering  estua- 
rine waters  along  the  MAB  (Nixon  and  Jones,  1997). 
The  growth  rate  of  0.20  mm/d  from  the  linear  model 
in  our  study  compares  favorably  with  the  growth  rate 
of  0.19  mm/d  documented  from  larvae  collected  from 
inner  continental  shelf  waters  offshore  of  Sabine  Pass, 
Texas,  and  the  Mermentau  River,  Louisiana  (Cowan, 
1988).  The  instantaneous  maximum  growth  rates  from 
the  Laird-Gompertz  model  for  the  fall  and  spring  of 
both  sampling  years  fell  within  the  range  of  growth 
rates  reported  for  coastal  waters  off  North  Carolina; 
0.16-0.27  mm/d  (Warlen,  1980).  The  differences  in  sea- 
sonal growth  rates  within  the  Laird-Gompertz  models 
provide  evidence  of  spawning  and  recruitment  sub- 
groups with  maximum  growth  rates  occurring  20  dah 
later  in  the  fall  than  in  the  spring — a finding  indicat- 
ing that  the  larvae  spend  a longer  time  period  in  a 
more  productive  and  potentially  more  suitable  essen- 
tial fish  habitat  during  the  spring  (Searcy  et  al.,  2007; 
Sponaugle,  2010).  Similar  subgroups  also  have  been 
observed  in  North  Carolina  waters  (Warlen,  1980)  and 
the  MAB  (Thorrold  et  al.,  1997),  where  seasonal  differ- 
ences in  growth  rates  were  a result  of  food  availability 
and  variation  in  salinity. 


The  differences  in  seasonal  growth  rates  observed 
in  our  study,  however,  may  also  be  partially  explained 
by  the  movement  of  spawning  fish  farther  inshore  as 
the  season  progressed  (Barbieri  et  al.,  1994a,  1994b), 
thereby  shortening  their  time  within  the  recruitment 
corridor  when  transiting  to  estuarine  nursery  grounds 
and  more  favorable  growth  conditions.  Lower  salinities 
(<15)  indicative  of  estuarine  waters  have  been  shown 
to  increase  somatic  growth  rates  of  larval  Atlantic 
croaker  (Peterson  et  al.,  1999).  Although  all  analyses 
of  growth  in  our  study  revealed  similar  growth  rates, 
the  use  of  the  Laird-Gompertz  model  allowed  more  ac- 
curate hindcasting  of  the  low  growth  rates  of  larvae  in 
the  recruitment  corridor  on  the  continental  shelf  be- 
cause we  used  model  true  estimates  of  hatching  length, 
and  the  linear  models  failed  to  accurately  reflect  or  ac- 
count for  length  at  hatching. 

The  mean  age  of  larval  Atlantic  croaker  that  trans- 
gressed the  lower-salinity  (<20)  waters  of  the  coastal 
boundary  layer  and  entered  the  estuary  was  estimated 
to  be  approximately  40  dah,  on  the  basis  of  changes  in 
otolith  ring  width  and  distance  of  the  ring  from  the  core 
(Fig.  6,  A and  B).  Ontogenetic  change  in  otolith  shape 
did  not  affect  ring  width  or  distance  from  the  core  be- 
cause all  otoliths  in  our  study  were  roughly  circular. 
Studies  of  ingress  into  Chesapeake  Bay,  Delaware  Bay, 
and  Pamlico  Sound  have  shown  ages  at  time  of  ingress 
to  be  between  30  and  60  dah  (Warlen,  1980;  Miller  et 
al.,  2003;  Schaffler  et  al.,  2009a,  2009b),  a range  that 
compares  favorably  with  the  results  from  direct  aging 
of  larvae  collected  for  our  study  in  the  Bayou  Tartellan 
tidal  pass:  between  22  and  70  dah. 

The  role  of  periodic  atmospheric  winter  frontal 
passages  on  densities  of  larval  Atlantic  croaker  has 
been  shown  to  be  significant  in  this  system  (Kupchik, 
2014),  indicating  that  patterns  such  as  inlet  geomor- 
phology and  wind-forcing  factors  can  play  a large  role 
in  the  timing  of  ingress  for  Atlantic  croaker  (Raynie 
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Figure  6 

(A)  Mean  distance  of  the  ring  from  the  core,  which  serves  as 
a proxy  for  growth,  by  season  for  otoliths  of  larval  and  early 
juvenile  Atlantic  croaker  (Micropogonias  undulatus)  sampled  in 
Bayou  Tartellan,  Louisiana,  during  2006-2008.  Data  for  fall  of 
year  1 (2006),  fall  of  year  2 (2007),  spring  of  year  1 (2007),  and 
spring  of  year  2 (2008)  are  provided  to  show  differences  between 
year  and  season,  and  the  dashed  line  demarcates  the  estimated 
average  ingress  date.  (B)  Mean  ring  width  for  individual  daily 
rings  from  imaged  otoliths. 


and  Shaw,  1994;  Joyeaux,  1998;  Wood,  2000). 
Larval  ingress  can  be  driven  by  active  mecha- 
nisms like  selective  tidal  stream  transport,  but 
the  vertically  well-mixed  nature  of  tidal  passes 
in  the  northern  GOM  and  particularly  in  our 
sampling  site  of  Bayou  Tartellan  indicates  that 
the  driving  forces  are  passive  mechanisms  of 
recruitment  and  retention,  such  as  residual 
bottom  flow  (Joyeux,  1999;  Schultz  et  al.,  2003), 
wind-driven  transport  (Shaw  et  ah,  1985;  Jo- 
yeaux, 1999;  Hare  et  ah,  1999;  Hare  and  Gov- 
oni,  2005),  or  flow  differentials  across  channels 
due  to  boundary  conditions  and  marsh  edge  ef- 
fects (Lyczkowski-Shultz  et  al.,  1990;  Raynie, 
1991;  Raynie  and  Shaw,  1994;  Kupchik,  2014). 

Growth  rates  for  Atlantic  croaker  larvae 
collected  in  water  masses  with  salinities  and 
temperatures  consistent  with  continental  shelf 
waters  were  lower  than  growth  rates  for  larvae 
collected  in  water  masses  with  characteristics 
associated  with  estuarine  or  coastal  boundary 
waters.  The  effect  of  salinity  on  growth  rate 
is  further  exemplified  by  the  steep  increase  in 
growth  rate  during  ebb  tides,  which  bring  low 
salinities  indicative  of  waters  from  the  upper 
estuarine  nursery  ground.  Increased  growth 
associated  with  lower  salinities  has  been  docu- 
mented previously  for  larval  Atlantic  croak- 
er in  other  estuaries  (Peterson  et  al.,  1999). 
Growth  rate  as  a function  of  water  tempera- 
ture showed  no  difference  associated  with  tide. 
Higher  growth  rates  were  associated  with  low- 
er water  temperatures,  and  those  rates  proba- 
bly reflected  the  increased  productivity  of  estu- 
aries, which,  during  late  fall  and  winter,  have 
cooler  temperatures  and  lower  salinities  than 
the  warmer,  more  saline  waters  of  the  GOM. 
The  notable  exception  to  this  pattern  was  the 
increase  in  growth  rate  that  occurred  during 
positive  NWTs  associated  with  flood  tides,  and 
this  increase  in  growth  rate  may  be  a func- 
tion of  interim  or  prefrontal  conditions  associ- 
ated with  southerly  winds  and  higher  coastal 
sea  level  in  relation  to  the  reestablishment  of 
the  tidal  prism  after  flushing  from  northerly 
winds  of  the  postfrontal  phase.  Results  from 
the  mixed  model  confirmed  the  importance  of 
salinity  for  growth  of  larval  and  juvenile  At- 
lantic croaker  that  has  been  noted  in  previous 
studies  (Sogard,  1992;  Rooker  and  Holt,  1997; 
Lankford  and  Targett,  2001a)  and  the  temporal 
and  spatial  variability  that  has  been  associated 
with  differences  between  estuarine  and  conti- 
nental shelf  waters  (Searcy  et  al.,  2007). 

Analysis  of  digital  images  of  daily  rings  in 
saccular  otoliths  of  larval  Atlantic  croaker,  col- 
lected in  Bayou  Tartellan  from  October  2006 
through  March  2007  and  from  September  2007 
through  March  2008,  provided  a fast,  reliable 
method  for  analyzing  otolith  rings,  growth  rate, 
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Figure  7 

Partial  plots  of  the  mixed  model  showing  growth  rate  data  as  a function  of  hydrodynamic  parameters  for  larval  and  early 
juvenile  Atlantic  croaker  ( Micropogonias  undulatus)  collected  from  October  2006  through  March  2007  and  from  September 
2007  through  March  2008  in  Bayou  Tartellan,  Louisiana.  Growth  rate  data  were  obtained  from  directly  measured  otoliths 
and  those  ages  provided  from  age-length  keys.  A static  value  for  the  other  model  terms  was  assumed  for  all  partial  plots 
in  the  graphical  evaluation.  (A)  Growth  rate  as  a function  of  water  temperature,  delineated  by  tide.  (B)  Growth  rate  as  a 
function  of  salinity,  delineated  by  tide.  (C)  Growth  rate  as  a function  of  net  water  transport,  delineated  by  tide. 


and  estuarine  ingress.  The  digital  image  filters  reduced 
the  need  for  human  interpretation  and  allowed  direct 
measurement  and  averaging  of  multiple  readings  to 
avoid  aliasing  from  subdaily  increments  or  other  small 
scale  microfeatures  that  could  confound  accurate  age 
determination.  Furthermore,  the  digital  analysis  al- 
lowed us  to  obtain  exact  measurement  of  otolith  ring 
widths  and  distances  from  the  core  to  confirm  the  esti- 
mated estuarine  ingress  date  determined  from  changes 
in  growth  rates.  Analyses  of  digital  images  of  otoliths 
from  Atlantic  croaker  allowed  a more  confident  estima- 
tion of  the  age  at  which  larval  Atlantic  croaker  tran- 
sition from  the  continental  shelf  to  the  more  hydro- 
dynamically  variable  and  potentially  more  productive 
coastal  boundary  zone  and  lower-salinity  estuarine 
waters. 

The  linear  growth  model  was  useful  for  comparison 
with  results  from  previous  studies  but  less  effective 
than  the  Laird-Gompertz  growth  curves  in  detailing 


accurate  growth  rates  of  Atlantic  croaker  larvae.  The 
Laird-Gompertz  growth  models  allowed  hindcasting 
to  accurately  include  the  NL  at  hatching  and  rate  of 
growth  more  effectively  in  the  dah  before  sampling. 
They  provided  more  detail  about  the  timing  of  ingress 
of  Atlantic  croaker  into  estuaries,  where  growth  rates 
were  expected  to  increase.  The  models  revealed  the  lim- 
ited somatic  growth  of  larvae  before  recruitment  into 
the  lower-salinity  estuarine  system  of  Bayou  Tartellan. 
Moreover,  they  allowed  us  to  calculate  instantaneous 
growth  rates  that  reflect  small-scale,  daily  changes  af- 
fected by  spatial  location  within  the  recruitment  cor- 
ridor without  the  bias  introduced  from  overall  aver- 
ages expressed  in  a linear  relationship  with  a singular 
rate  of  0.20  inrn/d  or  without  the  bias  introduced  from 
groupings  of  larvae  in  dah. 

With  the  Laird-Gompertz  models  we  estimated  maxi- 
mum growth  rates,  showing  the  difference  of  maximum 
growth  rates  that  occurred  later  (with  respect  to  dah) 


Kupchik  and  Shaw:  Age,  growth,  and  recruitment  of  larval  and  early  juvenile  Micropogonias  undulatus 


31 


in  the  fall  than  in  the  spring.  The  observed  differences 
in  growth  rates  between  the  fall  spawning  and  recruit- 
ment season  and  the  spring  recruitment  season  provide 
evidence  of  spawning  subgroups  for  the  first  time  in 
the  northern  GOM — a finding  that  is  similar  to  growth 
rates  of  the  subgroups  that  have  been  found  in  North 
Carolina  waters  and  in  the  MAB.  This  result  was  con- 
firmed by  the  differences  in  otolith  microstructure  be- 
tween the  fall  and  spring  for  both  sampling  years,  and 
the  microstructure  analysis  was  able  to  show  within- 
year  variability  in  batch  spawning — a variability  that 
would  produce  different  cohorts  with  variable  distances 
from  offshore  spawning  grounds  to  inshore  recruitment 
corridors.  The  highly  significant  salinity  component  in 
the  mixed  model  that  revealed  a relationship  between 
growth  rate  and  the  hydrodynamics  in  Bayou  Tartel- 
lan  gave  evidence  of  the  importance  of  the  low  salinity 
and  high  productivity  of  estuarine  waters  for  maximiz- 
ing growth  for  larval  and,  ultimately,  juvenile  Atlantic 
croaker. 
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Age,  growth,  and  population  structure  of 
the  red  flying  squid  ( Ommastrephes  bartramii) 
in  the  North  Pacific  Ocean,  determined  from 
beak  microstructure 


Abstract— To  explore  the  feasibility 
of  using  beak  microstructure  to  esti- 
mate the  age  of  oceanic  squid,  sagit- 
tal sections  in  the  upper  beak  were 
used  to  validate  the  age  of  the  red 
flying  squid  ( Ommastrephes  bartra- 
mii) in  the  North  Pacific  Ocean.  The 
growth  rates  of  mantle  length  (ML) 
and  body  weight  (BW)  were  estimat- 
ed on  the  basis  of  beak  increments. 
We  compared  growth  curves  derived 
from  previous  statolith-based  stud- 
ies and  those  from  this  study.  Re- 
sults indicate  that  the  mean  age  of 
females  and  males  was  203  d (stan- 
dard deviation  [SD]  55)  and  180 
d (SD  45).  The  hatching  period  oc- 
curred during  October-June  of  the 
following  year,  and  hatching  peaked 
during  January-April  on  the  ba- 
sis of  back-calculation.  All  sampled 
squid  belonged  to  the  winter-spring 
cohort.  Females  and  males  had  a 
similar  growth  pattern  in  ML  and 
BW  with  increased  ages,  except  for 
male  ML  after  age  301-350  d.  An 
exponential  model  best  described 
the  relationships  between  age  and 
ML  as  well  as  BW  for  both  sexes. 
The  difference  in  growth  curves  and 
lower  growth  rates  reported  here, 
compared  with  those  of  previous 
studies,  may  result  from  different 
stock  structures  and  extreme  weath- 
er. This  study  confirmed  that  beak 
length  works  well  for  estimating  the 
age  of  oceanic  squid. 
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The  red  flying  squid  ( Ommastrephes 
bartramii ) is  distributed  in  subtropi- 
cal and  temperate  waters  worldwide 
but  is  commercially  exploited  only 
in  the  North  Pacific  Ocean,  where  it 
plays  an  important  role  in  the  ma- 
rine ecosystem  (Jereb  and  Roper, 
2010;  Navarro  et  al.,  2013).  It  has 
become  a primary  target  species  in 
East  Asian  countries  since  the  ocean- 
ic squid  fishery  began  in  the  1970s. 
This  squid  is  not  only  important  as  a 
fishery  resource  but  also  serves  as  an 
indicator  of  large-scale  oceanographic 
changes  (Chen  et  al.,  2007;  Nishika- 
wa  et  al.,  2014).  The  population  of 
red  flying  squid  in  the  North  Pacific 
Ocean  consists  of  2 main  cohorts, 
the  autumn  cohort  that  yields  large 
squid  (>350  mm  mantle  length  [ML] ) 
and  the  winter-spring  cohort  that  is 
represented  by  relatively  small  squid 
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(<350  mm  ML)  (Chen  and  Chiu, 
2003).  Abundance  of  both  cohorts 
fluctuates  greatly  with  large-scale 
oceanographic  and  climatic  changes 
(e.g.,  El  Nino  or  La  Nina),  as  well 
as  with  regional-scale  environmental 
changes  (Yatsu  et  al.,  2000;  Chen  et 
al.,  2007). 

Age  estimation  and  growth  analy- 
ses provide  critical  information  for 
fisheries  stock  assessments  and  man- 
agement. Hard  structures  often  are 
used  for  aging  squid  and  most  stud- 
ies measure  statoliths  (Spratt,  1978; 
Lipinski,  1986;  Jackson  et  al.,  1993; 
Durholtz  et  al.,  2002).  Although 
statolith-based  age  determination 
methods  have  advanced  greatly 
over  the  past  30  years  (Arkhipkin 
and  Shcherbich,  2012),  the  process 
of  preparing  statoliths  for  aging  is 
rather  complicated  and  often  has  a 
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relatively  low  success  rate.  Potential  use  of  alterna- 
tive methods  has  been  the  topic  of  recent  discussions 
(Moltschaniwskyj  and  Cappo,  2009).  For  example,  the 
beak,  which  is  the  main  feeding  organ  for  squids,  has  a 
stable  morphological  structure  because  of  its  chitinous 
structure  (Clarke,  1986)  and  could  potentially  be  used 
for  determination  of  a squid’s  age.  Removing  a whole 
beak  from  the  buccal  mass  is  much  easier  than  extract- 
ing a statolith  from  the  statocyst.  The  beak,  therefore, 
has  been  identified  as  an  appropriate  structure  for 
studies  of  squid  biology  and  ecology  (Jackson  et  al., 
1997;  Groger  et  al.,  2000;  Martinez  et  al.,  2002;  Cherel 
and  Hobson,  2005;  Guerra  et  al.,  2010). 

Clarke  (1965)  first  identified  the  incremental  struc- 
ture in  the  beak  of  Moroteuthis  mgens  and  demonstrat- 
ed its  potential  for  estimating  age.  Raya  and  Hernan- 
dez-Gonzalez  (1998)  suggested  the  sagittal  plane  of  a 
rostrum  sagittal  section  (RSS)  as  the  optimal  plane  for 
aging  common  octopus  ( Octopus  vulgaris),  and  longitu- 
dinal increments  deposited  in  RSS  were  also  observed 
to  have  periodic  light  and  dark  bands.  The  lateral  wall 
surface  (LWS)  of  the  beak  also  can  be  used  for  reading 
growth  increments,  and  a study  over  a specific  period 
indicated  that  one  ring  represents  1 d of  life  in  post- 
larvae (Hernandez-Lopez  et  al.,  2001).  Perales-Raya  et 
al.  (2010)  improved  beak  aging  methods  and  compared 
the  precision  of  readable  growth  increments  between 
RSS  and  LWS  methods.  They  found  that  the  RSS  yield- 
ed more  precise  age  estimates  but  that  the  LWS  was 
quicker  and  simpler  to  prepare  (Perales-Raya  et  al., 
2010).  Canali  et  al.  (2011)  and  Castanhari  and  Tomas 
(2012)  also  analyzed  the  upper  beak  microstructure 
and  the  relationship  between  increments  and  ML  or 
body  weight  (BW).  Examination  of  the  upper  beak  has 
been  recommended  as  a simple  and  effective  approach 
for  estimating  cephalopod  age  (Canali  et  al.,  2011;  Cas- 
tanhari and  Tomas,  2012). 

Previous  studies  on  squid  growth  have  focused  pri- 
marily on  seasonal  and  population  variability  in  body 
size  (Chen  and  Chiu,  2003;  Ichii  et  al.,  2004).  Varia- 
tion of  oceanographic  conditions  and  feeding  habits  can 
greatly  impact  the  growth  of  red  flying  squid  (Wata- 
nabe  et  al.,  2004;  Ichii  et  al.,  2009).  Oceanic  squid  tend 
to  migrate  over  long-distances  between  their  spawning 
or  nursery  grounds  and  their  feeding  grounds  (Sem- 
mens  et  al.,  2007).  Individuals  are  exposed  to  varied 
environmental  conditions  during  ontogenesis.  There- 
fore, age  estimation  is  an  important  part  of  analyzing 
growth  rates  for  the  different  life  stages  of  squids.  The 
age-based  calculation  of  growth  rates  that  is  based  on 
measurements  of  statoliths  is  a popular  method  and 
has  been  used  in  making  growth  estimations  for  oce- 
anic squid.  The  growth  rates  of  ML  and  BW  for  some 
ommasterphid  species  have  also  been  derived  from 
statoliths  (Markaida  et  al.,  2004;  Keyl,  2009;  Chen  et 
al.,  2011,  2013). 

In  this  study,  we  used  beak  microstructure  of  red 
flying  squid  to  identify  its  spawning  season  and  to  ex- 
amine age  composition.  The  relationships  between  ML, 
BW,  main  beak  morphometric  variables,  and  age  were 


defined  in  order  to  examine  squid  growth  patterns.  The 
relative  differences  between  females  and  males  were 
also  investigated.  This  study  is  one  of  the  first  in  which 
oceanic  ommasterphid  squid  has  been  aged  by  using 
beak  measurements.  These  methods  can  be  applied  to 
age  and  growth  analyses  of  other  oceanic  cephalopods. 

Materials  and  methods 

Squid  samples  were  randomly  collected  from  Chinese 
commercial  jigging  vessels  FV  Jinhai  827  and  FV 
Ningtai  21  in  fishing  grounds  (between  154°E-174°W 
and  39°N-45°N)  of  the  North  Pacific  Ocean  from  July 
through  November  in  2011  (Fig.  1).  Samples  were  im- 
mediately frozen  at  -18°C  for  subsequent  laboratory 
work. 

After  samples  were  thawed  in  the  laboratory,  dorsal 
ML  and  BW  were  measured  to  the  nearest  1 mm  and 
1 g,  respectively.  The  upper  and  lower  beaks  were  then 
dissected  from  the  buccal  mass,  washed  with  fresh  wa- 
ter, and  stored  in  a solution  of  75%  ethyl  alcohol.  The 
following  12  morphological  variables  were  measured 
to  the  nearest  0.1  mm:  upper  hood  length,  upper  crest 
length,  upper  rostrum  length  (URL),  upper  rostrum 
width,  upper  lateral  wall  length,  upper  wing  length, 
lower  hood  length,  lower  crest  length,  lower  rostrum 
length,  lower  rostrum  width,  lower  lateral  wall  length, 
and  lower  wing  length  (Fig.  2A;  Chen  et  al.,  2012). 

For  age  estimation,  the  use  of  RSS  has  been  reported 
to  be  more  precise  than  the  use  of  LWS  (Perales-Raya 
et  al.,  2010).  The  lower  beak  is  more  likely  to  be  sub- 
ject to  erosion  because  it  always  covers  the  upper  beak 
during  biting  and  chewing.  Moreover,  the  rostrum  tip 
of  the  lower  beak  also  has  the  function  of  paralyzing 
prey  organisms  (Nixon,  1973).  The  upper  beak  has  a 
relatively  complete  rostrum  tip,  although  erosion  may 
still  occur.  Therefore,  we  measured  the  RSS  of  the  up- 
per beak  in  this  study.  The  upper  beak  was  cut  in  half 
with  scissors,  producing  2 RSS  pieces.  To  count  incre- 
ments as  accurately  as  possible,  we  cut  the  RSS  into  2 
different  sizes  and  used  the  larger  one,  which  tended 
to  have  a preserved  focal  plane  representing  all  growth 
rings  in  the  central  section.  The  larger  half  of  the  RSS 
was  cleaned  with  water  to  remove  mucus  and  was  em- 
bedded in  a small  mold  with  epoxy  resin.  We  ground 
the  focal  plane  with  120-,  600-,  and  1200-grit  water- 
proof sandpaper  until  the  growth  increments  became 
clearly  visible.  Finally,  we  polished  the  RSS  slice  with 
0.05-pm  aluminium  oxide  powder  to  remove  scratches 
on  the  surface.  This  preparation  process  is  similar  to 
that  for  statoliths  (Dawe  and  Natsukari,  1991). 

The  number  of  increments  in  each  RSS  were  counted 
with  a microscope  (Olympus  Corp.,1  Tokyo)  at  magnifi- 
cations of  lOx,  40x,  and  400x.  Images  of  different  sec- 
tions were  taken  with  a charge  coupled  device  (CCD) 


1 Mention  of  trade  names  or  commercial  companies  is  for  iden- 
tification purposes  only  and  does  not  imply  endorsement  by 
the  authors  or  the  National  Marine  Fisheries  Service,  NOAA. 
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Figure  1 


Locations  where  samples  of  red  flying  squid  ( Ommastreph.es  bartramii ) were  collected  for 
this  study  in  the  North  Pacific  Ocean  from  July  through  November  in  2011. 


then  processed  with  Adobe  Photoshop  CS  5.0  (Adobe 
Systems  Inc.,  San  Jose,  CA).  Two  readers  counted  the 
number  of  increments,  and  readings  were  accepted 
only  when  the  difference  in  mean  counts  between  the 
2 independent  readers  was  less  than  10%  (Chen  et  ah, 

2013) .  Beak  growth  increments  in  previous  studies 
were  assumed  to  be  deposited  daily  for  several  octopu- 
ses species  (Raya  and  Hernandez-Gonzalez,  1998;  Her- 
nandez-Lopez  et  al.,  2001;  Perales-Raya  et  al.,  2010, 
2014;  Canali  et  al.,  2011;  Castanhari  and  Tomas,  2012; 
Rodriguez-Dominguez  et  al.,  2013;  Barcenas  et  al., 

2014) .  A strict  age  validation  for  ommasterphid  squids 
with  the  use  of  statolith  and  beak  measurements  has 
been  performed  and  the  results  of  those  experiments 
indicate  that  the  beak  is  a reliable  material  for  age 
estimation  (Hu  et  al.,  2015;  Liu  et  al.,  2015).  If  the 
beak  is  a reliable  structure  for  age  estimates,  we  can 
back-calculate  hatching  dates  from  the  capture  dates 
documented  in  our  study. 

The  relationships  between  age  and  ML,  BW,  and 
URL  were  established  with  4 types  of  curves:  linear, 
power,  exponential,  and  logarithmic.  Akaike’s  informa- 
tion criterion  was  used  to  compare  the  fits  of  models, 
by  following  the  calculations  of  Haddon  (2001).  Differ- 
ences in  growth  curves  between  sexes  also  were  evalu- 
ated by  using  analysis  of  covariance  (ANCOVA). 

Instantaneous  growth  rate  (G)  and  absolute  daily 
growth  rate  (DGR)  of  ML  or  BW  were  measured  in  mil- 
limeters per  day  or  grams  per  day  and  estimated  for 
each  50-d  interval  by  sex.  The  G and  DGR  were  calcu- 
lated with  the  following  models  proposed  by  Forsythe 
and  Van  Heukelem  (1987): 


and 


ln(S2)-ln(S2 ) inn(V 

— x 100% 

t2  -t1 

DGR=  S2~S\ 

t2  — ti 


(1) 

(2) 


where  Si  and  S 2 = mean  ML  or  BW  at  the  beginning 
Gl)  and  end  (£2)  of  the  time  interval. 


Statistical  analyses  were  conducted  with  SPSS,  vers 
19.0  (IBM  Corp,  Armonk,  NY). 


Results 

Microstructure  of  growth  increments  in  red  flying  squid 

The  microstructure  of  a beak  RSS  of  a red  flying  squid 
in  this  study  is  shown  in  Figure  2.  The  longitudinal 
increments  in  the  transverse  surface  were  easily  vis- 
ible from  the  tip  of  rostrum  to  the  joint  of  the  hood 
and  crest  (Fig.  2B),  and  the  hood  was  darker  than  the 
crest  because  of  pigmentation  (Fig.  2B).  The  tip  of  the 
rostrum  was  missing  in  some  samples  because  of  ero- 
sion from  feeding  behavior.  Increments  were  more  obvi- 
ous in  the  center  of  the  focal  line  and  were  visible  as 
bands  that  were  alternately  dark  and  light  (Fig.  2C). 
The  increments  in  the  middle  of  each  internal  rostral 
axis  were  much  thicker  than  those  in  the  anterior  and 
posterior  areas.  The  middle  parts  of  the  RSS  had  the 
widest  incremental  width  in  relation  to  other  RSS 
parts  (Fig.  2C).  The  interval  widths  tended  to  vary  in 
different  parts  of  the  RSS  at  increased  magnification 
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Figure  2 

(A)  Schematic  diagram  of  the  rostrum  sagittal  sections  (RSS),  the  internal  rostral  axis  (IRA),  and  upper 
rostral  length  (URL)  in  the  beak  of  red  flying  squid  (Ommastrephes  bartramii).  Photographic  images  of  (B) 
a whole  RSS  and  (C)  IRA  of  a male  individual  with  mantle  length  of  245  mm  and  age  of  174  d,  every  blue 
dot  represents  one  ring,  and  images  with  (D)  longitudinal  increments  in  the  hood  of  the  RSS  of  a female 
individual  with  mantle  length  of  390  mm  and  age  of  268  d,  every  white  line  represents  one  ring,  and  (E)  a 
check  ring  at  40x  magnification. 


(400x)  (Fig.  2D).  The  mean  width  of  increments  in  the 
RSS  was  12.6  pirn  (standard  deviation  [SD]  0.03). 

In  some  atypical  beak  samples,  we  found  “check” 
rings,  which  were  similar  to  the  rings  in  the  micro- 
structure of  the  statolith  (Fig.  2E).  A check  ring  was 
an  extremely  light  band  that  appeared  in  multiple  in- 
crements. These  types  of  increments  were  easy  to  dis- 
cern in  comparison  with  the  surrounding  regular  incre- 
ments. This  structure  occurred  much  more  frequently 
in  females  than  in  males. 


Age  composition  and  hatching  time 

The  total  sample  size  was  211  Squid,  of  which  109  were 
females  and  102  were  males.  The  ML  of  females  ranged 
from  199  to  417  mm  (average=268  mm  [SD  44]).  The 
majority  (85.4%)  of  females  ranged  from  240  to  320 
mm  in  ML.  Male  ML  ranged  from  201  to  354  mm  (av- 
erage=248  mm  [SD  33]);  85.4%  males  ranged  from  240 
to  280  mm  ML  (Fig.  3A).  Female  BW  ranged  from  140 
to  2230  g (average=603  g [SD  353]);  72.7%  of  females 
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Figure  3 

Composition  of  (A)  mantle  length,  (B),  body  weight  (C)  age,  and  (D)  hatching  time,  by  sex,  for  red 
flying  squid  ( Ommastrephes  bartramii ) collected  for  this  study  in  the  North  Pacific  Ocean  from  July 
through  November  in  2011. 


Table  t 

Absolute  daily  growth  rates  (DGR)  as  defined  by  Forsythe  and  Van  Heukelem  (1987)  and  instanta- 
neous growth  rate  (G)  for  mantle  length  (ML)  and  body  weight  (BW)  of  red  flying  squid  ( Ommastrephes 
bartramii ) by  sex  and  age  class.  Squid  were  collected  in  the  North  Pacific  Ocean  from  July  through 
November  2011. 

Age 

Sex  class  (d) 

Sample 

size 

Mantle  length 

Body  weight 

Mean 
ML  (mm) 

DGR 

(mm/d) 

G 

Mean 
BW  (g) 

DGR 

(g/d) 

G 

Female  >150 

23 

219.13 

_ 

_ 

302.42 

_ 

_ 

151-200 

34 

241.74 

0.45 

0.20 

374.67 

1.44 

0.43 

201-250 

20 

277.67 

0.72 

0.28 

619.55 

4.90 

1.01 

251-300 

26 

321.27 

0.87 

0.29 

1005.18 

7.71 

0.97 

301-350 

4 

374.75 

1.07 

0.31 

1571.85 

11.33 

0.89 

Male  >150 

32 

216.88 

- 

- 

287.76 

- 

- 

151-200 

38 

241.16 

0.49 

0.21 

399.54 

2.24 

0.66 

201-250 

23 

277.22 

0.72 

0.27 

613.65 

4.28 

0.86 

251-300 

7 

318.71 

0.83 

0.28 

959.06 

6.91 

0.89 

301-350 

1 

354.00 

0.71 

0.21 

1440.30 

9.62 

0.81 
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Figure  4 

Variation  of  instantaneous  growth  rate  (G)  and  absolute  daily  growth  rate  (DGR)  measured  in  (A)  mantle 
length  (ML)  and  (B)  body  weight  (BW)  for  male  (M)  and  female  (F)  red  flying  squid  (Ommastrephes  bar- 
tramii),  and  growth  curves  in  relation  to  (C)  ML  and  age,  (D)  BW  and  age,  and  (E)  upper  rostral  length 
and  age  of  red  flying  squid  in  this  study. 


ranged  from  150  to  250  g.  The  BW  of  males  ranged 
from  210  to  1440  g (average=462  g [SD  225]);  92.7%  of 
males  ranged  from  150  to  250  g (Fig.  3B). 

The  estimated  age,  which  was  based  on  the  micro- 
structure of  upper  beak  RSS,  ranged  from  107  to  322 
d (mean  age=203  d [SD  55])  for  females.  The  dominant 
age  for  females  ranged  from  150  to  300  d — a range  that 
accounted  for  75.4%  of  the  female  samples.  Estimated 
age  ranged  from  110  to  320  d ( mean  age=180  d [SD 
45])  for  males,  and  the  dominant  age,  from  110  to  250 
d,  which  accounted  for  92.2%  of  male  samples  (Fig.  3C). 
The  back-calculated  hatching  time  in  this  study  ranged 


from  October  2010  through  June  2011.  The  peak  hatch- 
ing time  occurred  from  January  through  April  for  fe- 
males, accounting  for  72.7%  of  female  samples,  and 
from  February  through  April  for  males,  accounting  for 
74.7%  of  male  samples  (Fig.  3D).  Most  of  the  squid  in 
this  study  hatched  in  late  winter  and  early  spring. 

Growth  rate  patterns 

Growth  rate  patterns  were  similar  between  ML  and 
BW  despite  squid  age  (Table  1;  Fig.  4,  A and  B).  For 
female  squids,  the  maximum  DGR  was  1.07  mm/d  for 
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Table  2 

Results  from  an  analysis  of  covariance  between  sexes 
of  red  flying  squid  ( Ommastrephes  bartramii)  in  the 
relationships  between  age  and  the  following  variables: 
mantle  length  (ML),  body  weight  (BW),  and  upper  ros- 
tral length  (URL).  No  differences  between  sexes  were 
significant. 


Measurements 

df 

F 

P 

ML 

107 

0.125 

0.725 

BW 

199 

0.065 

0.806 

URL 

151 

1.974 

0.166 

ML  and  11.33  g/d  for  BW  within  301-350  d (Table 
1;  Fig.  4,  A and  B),  and  the  maximum  G was  0.31 
for  ML  within  301-350  d and  0.97  for  BW  within 
251-300  d.  In  males,  maximum  DGR  occurred  within 
251-300  d for  ML  (0.83  mm/d)  and  then  decreased, 
and  maximum  G also  occurred  during  within  251-300 
d for  both  ML  (0.28)  and  BW  (0.89)  (Table  1,  Fig.  4, 
A and  B). 

On  the  basis  of  results  of  the  ANCOVA  test,  there 
was  no  significant  difference  in  ML,  BW,  and  URL  be- 
tween females  and  males  (P>0.05)  (Table  2).  Therefore, 
we  used  the  pooled  data  to  analyze  the  relationship 
between  ML,  BW,  URL,  and  age.  Growth  curves  of 
ML-age  and  BW-age  relationships  were  fitted  with 
an  exponential  model,  and  the  URL-age  relationship 


provided  the  best  fit  with  a linear  model  (Fig.  4,  C-E) 
because  it  represented  the  best  fit  to  the  data  (Table  3). 
These  relationships  were  calculated  with  the  following 
equations: 

ML-age  relationship:  ML  = 148.47e0  0028age  (coeffi- 
cient of  determination  [r2]=0.980,  n=211,  P<0.01) 

BW-age  relationship:  BW  = 83.80e°  009age  (r2=0.914, 
n=211,  P<0.01) 

URL-age  relationship:  URL  = 0.0141age  + 3.6816 
(r2=0.460,  ti= 211,  PcO.Ol) 

Discussion 

The  beak  has  been  used  to  estimate  age  for  a few 
neritic  molluscan  species  (e.g.,  the  common  octopus, 
Perales-Raya  et  al.,  2014;  Octopus  maya,  Barcenas  et 
al.,  2014).  On  the  basis  of  the  results  of  our  study,  we 
can  see  that  the  microstructure  of  the  beak  in  red  fly- 
ing squid  is  similar  to  that  in  different  cephalopods, 
as  was  reported  in  a previous  study  (Perales-Raya  et 
al.,  2010).  Although  the  rostrum  in  squids  seems  to 
account  for  a much  larger  proportion  of  the  crest  than 
it  does  in  octopuses,  RSS  increments  are  smaller  in 
squid  than  in  octopuses,  nearly  12  pm  in  this  study 
compared  with  roughly  20  pm  for  common  octopus 
(Raya  and  Hernandez-Gonzalez,  1998)  and  with  15-30 
pm  after  50  increments  reported  by  Perales-Raya  et 
al.  (2010).  In  this  study,  we  used  only  reflected  light 
to  observe  the  increments  clearly,  as  opposed  to  the 
use  of  violet  or  ultraviolet  light  by  Perales-Raya  et  al. 
(2010).  It  is  easy  to  distinguish  RSS  increments  at  low 
magnification  with  reflected  light, 
but  this  method  should  be  used  with 
caution  because  it  is  easy  to  con- 
fuse “first-order”  and  “second-order” 
increments,  as  it  is  with  statoliths 
(Arkhipkin  and  Shcherbich,  2012). 
Check  rings  were  also  found  in  this 
study,  and  those  rings  may  have 
resulted  from  stressful  conditions, 
such  as  spawning  (Perales-Raya  et 
al.,  2014).  The  microstructure  of 
statoliths  also  displays  check  rings 
(Chen  et  al.,  2013). 

This  study  is  one  of  the  first  that 
has  provided  estimated  ages  for  oce- 
anic species  of  ommasterphid  squid 
on  the  basis  of  beak  microstructure. 
Cephalopods  are  typically  short-lived 
invertebrates,  and  the  lifespan  of  red 
flying  squid  was  estimated  to  aver- 
age about  1 year  in  previous  reports 
(Bigelow  and  Landgraph,  1993;  Yat- 
su  et  al.,  1997;  Chen  and  Chiu,  2003; 
Chen  et  al.,  2011).  All  the  squid  ana- 
lyzed in  this  study  were  less  than  1 
year  in  age,  and  the  results  of  this 
study  are  consistent  with  the  results 
of  previous  studies  where  ages  were 


Table  3 

Estimated  model  parameters  and  Akaike’s  information  criterion  (AIC)  val- 
ues of  the  relationship  between  age  and  the  following  variables:  mantle 
length  [ML],  body  weight  (BW),  and  upper  rostrum  length  (URL)  for  red 
flying  squid  (Ommastrephes  bartramii).  Underlined  values  are  the  lowest 
AIC  values  chosen  with  the  best  model.  Linear=linear  function:  y=a+bx\ 
power=power  function:  y=axb;  exponential=exponential  function:  y =aebx; 


logarithmic=logarithmic  function:  y- 
criterion. 

=aln(x)+6;  AIC 

= Akaike’s 

information 

Body  variables 

Age (d) 

Model 

a 

b 

AIC 

ML 

Linear 

0.763 

111.766 

846.971 

Power 

12.773 

0.573 

924.242 

Exponential 

147.200 

0.003 

755.171 

Logarithm 

-500.730 

145.350 

1020.454 

BW 

Linear 

5.389 

-500.970 

2008.414 

Power 

0.008 

2.102 

1918.870 

Exponential 

74.541 

0.010 

1850.317 

Logarithm 

-4704.3 

1003.1 

2091.505 

URL 

Linear 

0.014 

3.682 

-93.550 

Power 

0.682 

0.427 

-91.991 

Exponential 

4.211 

0.002 

-93.228 

Logarithm 

-7.775 

2.711 

-89.493 
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Figure  5 

Comparison  of  growth  curves  in  relation  to  mantle  length  (ML) 
and  age  for  red  flying  squid  (Ommastrephes  bartramii)  from  dif- 
ferent studies  of  the  age  and  growth  of  this  species. 


estimated  from  statolith  growth  increments  (Yatsu  et 
al.,  1997;  Yatsu,  2000). 

In  a previous  study,  hatching  time  was  estimated  to 
be  from  January  through  April,  indicating  that  samples 
belonged  to  the  winter-spring  cohort  (Chen  and  Chiu, 
2003).  The  winter-spring  cohort  inhabits  traditional 
fishing  grounds  (150°  to  170°E)  in  the  Northwest  Pa- 
cific (Bower  and  Ichii,  2005).  We  obtained  results  for 
hatching  time,  using  a back-calculation  based  on  up- 
per beak  increments,  and  our  results  were  similar  to 
estimates  from  statoliths  for  squid  caught  in  a similar 
area  and  time  during  a previous  study  (Chen  et  al., 
2011).  Meanwhile,  age  were  validated  for  the  same  spe- 
cies by  using  statoliths  and  beaks  (Liu  et  al.,  2015). 
The  results  from  that  previous  study  showed  that  beak 
increments  had  a high  correlation  with  statolith  incre- 
ments for  red  flying  squid:  beak  increments=1.0177xs- 
tatolith  increments  - 6.6795  (r2=0.969,  n=21,  P<0.001) 
(Liu  et  al.,  2015).  Therefore,  we  conclude  that  the  beak 
is  a hard  structure  that  can  be  used  reliably  for  age 
determination  of  ommasterphid  species. 

Females  and  males  presented  a similar  growth  pat- 
tern during  ontogenesis  (Table  1,  Fig.  4).  This  finding 
differs  from  the  observation  of  Chen  et  al.  (2011),  who 
suggested  that  females  grow  faster  than  males  in  ev- 
ery age  class  and  that  the  peak  growth  rates  occur 
in  a relatively  younger  age  class  (140-220  d)  (Chen 
et  al.,  2011).  Sexual  asynchrony  of  growth  for  red  fly- 
ing squid  at  different  life  stages  also  was  found  by 
Yatsu  et  al.  (1997)  and  Brunetti  et  al.  (2006).  Chen 
and  Chiu  (2003)  analyzed  the  growth  of  2 geographi- 
cally distinct  stocks  of  red  flying  squid  in  the  North 
Pacific  Ocean  and  divided  the  females  into  2 groups: 
large-size  (>350  mm  ML)  and  small-size  (<350  mm 
ML)  females.  They  found  that  small-size  females  in 
the  northwestern  stock  had  a growth  mode  that  was 


similar  to  that  of  males  that  can  be  described 
best  with  a Gompertz  function,  but  large-size 
females  in  the  northwestern  stock  grew  much 
faster  than  males  in  either  stock.  Therefore, 
the  female  samples  in  our  study  may  belong 
to  the  small-size  group  of  females  in  the  nor- 
thwestern stock — a possibility  that  could  ex- 
plain the  nearly  synchronous  growth  between 
sexes.  It  is  also  notable  that  the  ML  DGR  for 
males  was  much  lower  than  that  for  fema- 
les after  ages  301-350  d (Fig.  4).  The  reason 
for  this  difference  may  be  the  greater  energy 
need  of  females  to  support  their  metabolism 
during  gametogenesis  (Rocha  et  al.,  2001). 

There  was  no  significant  difference  in 
growth  curves  between  the  2 sexes,  accord- 
ing to  the  results  of  ANCOVA  (P> 0.05).  Ex- 
ponential curves  seem  to  be  appropriate  for 
ML-age  and  BW-age  relationships,  whereas 
a linear  curve  was  suitable  for  the  URL-age 
relationship,  although  it  showed  a low  correla- 
tion between  the  two  variables.  Different  rela- 
tionships between  age  and  ML  and  BW  have 
been  found  with  various  techniques  in  previous 
studies  (e.g.,  exponential  model  for  paralarve,  Bigelow 
and  Landgraph,  1993;  Yatsu,  2000;  linear  model,  Yatsu 
et  al.,  1997,  Chen  et  al.,  2011;  Gompertz  model,  Chen 
and  Chiu,  2003).  The  exponential  curve  is  a logical 
choice  for  describing  the  very  fast  growth  rate  of  squid, 
especially  for  paralarve  (Bigelow  and  Landgraph,  1993; 
Sakai  et  al.,  1999,  2006;  Yatsu,  2000). 

We  also  compared  the  growth  curves  for  adult  red 
flying  squid  with  those  derived  from  2 other  studies, 
and  we  found  that  our  reported  growth  rate  was  rela- 
tively lower  than  those  rates  in  the  other  2 studies 
(Fig.  5).  There  are  2 potential  reasons  for  this  differ- 
ence: 1)  the  female  squids  in  this  study  belonged  to 
the  group  of  small-size  females  in  the  northwestern 
stock  (Chen  and  Chiu,  2003),  a group  that  tends  to 
have  a low  growth  rate  than  that  of  the  squid  used  in 
the  other  2 studies,  especially  in  the  study  by  Yatsu 
et  al.  (1997),  whose  samples  may  have  belonged  to 
large-size  females  of  that  stock,  and  2)  the  size  and 
life  span  of  squid  can  be  influenced  by  ambient  tem- 
perature, an  influence  that  is  more  obvious  in  extreme 
weather  (e.g.,  El  Nino  or  La  Nina),  as  has  been  docu- 
mented for  the  jumbo  squid  ( Dosidicus  gigas ) (Arkh- 
ipkin  et  al.,  2015). 

Compared  with  squid  in  our  2011  study,  squid  in 
previous  studies  tended  to  attain  larger  sizes  but  have 
a shorter  life  span  (in  years)  with  warm  temperatures 
(i.e.,  squid  hatched  during  1991-1993  for  Yatsu’s  [2000] 
study  and  in  1997  for  Chen  and  Chiu’s  [2003]  study) 
and  to  attain  smaller  sizes  but  a long  life  span  with 
cold  temperatures  (i.e.,  squid  hatched  in  2007  for  the 
Chen  et  al.  [2011]  study).  However,  model  selection  can 
be  influenced  by  sample  size  and  sampling  range.  Ad- 
ditional sampling  and  a greater  size  range  of  individu- 
als will  be  needed  to  evaluate  growth  functions  more 
thoroughly. 
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Fish  species  associated  with  shipwreck  and 
natural  hard-bottom  habitats  from  the  middle 
to  outer  continental  shelf  of  the  Middle  Atlantic 
Bight  near  Norfolk  Canyon 


Abstract— Fish  species  of  the  Middle 
Atlantic  Bight  (MAB)  continental 
shelf  are  well  known;  however,  spe- 
cies occupying  hard-bottom  habitats, 
particularly  on  the  outer  shelf,  are 
poorly  documented.  Reef-like  habi- 
tats are  relatively  uncommon  on  the 
MAB  shelf;  therefore,  shipwrecks 
may  represent  a significant  habi- 
tat resource.  During  fall  2012  and 
spring  2013,  9 sites  (depths:  42-126 
m)  near  Norfolk  Canyon  were  sur- 
veyed by  using  remotely  operated 
vehicles.  One  site  consisted  of  sand 
bottom,  one  consisted  of  predomi- 
nantly natural  hard  bottom,  and  7 
sites  included  8 large  shipwrecks.  Of 
38  fish  taxa  identified,  33  occurred 
on  hard  bottom  and  25  occurred  on 
soft  substrata.  Fourteen  fish  taxa 
occurred  almost  exclusively  on  hard 
bottom,  and  6 species  were  observed 
only  on  soft  bottom.  The  most  abun- 
dant taxa,  especially  on  reef  habitat, 
were  the  chain  dogfish  (Scyliorhinus 
retifer),  a scorpionfish  (Scorpaena 
sp.),  the  yellowfin  bass  (Anthias 
nicholsi),  the  red  barbier  ( Baldwi - 
nella  vivanus),  the  black  sea  bass 
( Centropristis  striata ),  unidentified 
anthiine  serranids,  and  the  deep- 
body  boarfish  ( Antigonia  capros ). 
Depth,  location,  and  season  did  not 
significantly  influence  fish  assem- 
blages. Fish  assemblages  on  natural 
and  artificial  hard-bottom  habitat 
were  similar  but  significantly  differ- 
ent from  soft-bottom  assemblages. 
Deep-reef  fishes  of  the  southern 
MAB  may  be  constrained  by  zooge- 
ography, depth,  and  inadequate  habi- 
tat— limitations  that  could  increase 
their  vulnerability. 
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The  fish  fauna  of  the  shelf  and  up- 
per slope  of  the  U.S.  Middle  Atlantic 
Bight  (MAB)  (from  Cape  Hatteras  to 
Cape  Cod)  is  considered  cool  temper- 
ate, although  fish  enter  from  colder 
and  warmer  regions  to  the  north  and 
south,  respectively.  The  estuarine 
and  shelf  fishes  are  particularly  well 
studied  in  this  region  (e.g.,  Grosslein 
and  Azarovitz,  1982;  Colvocoresses 
and  Musick,  1984;  Gabriel,  1992; 
Murdy  et  al.,  1997;  Able  and  Fahay, 
1998),  in  large  part,  because  of  de- 
cades of  standardized,  fishery-inde- 
pendent trawl  surveys.  Although  fish 
communities  have  been  documented 
on  the  open  shelf  and  upper  slope, 
their  presence  on  untrawlable  habi- 
tats (i.e. , canyon  walls,  rocky  bottom, 
and  shipwrecks)  has  not  been  well 
documented. 

The  shelf  of  the  Middle  Atlantic 
Bight  has  a lower  percentage  of  ex- 
posed natural  hard  substrata  than 
that  of  other  areas  in  U.S.  Atlantic 


waters  (Steimle  and  Zetlin,  2000; 
SEAMAP-SA,  2001).  Therefore,  habi- 
tat may  be  limiting  for  fauna  in  the 
MAB  that  require  hard  substrata, 
and  therefore  introduced  shipwrecks 
or  other  reef-like  habitats  prob- 
ably represent  significant  habitat 
resources.  Even  so,  there  has  been 
little  assessment  of  the  fishes  associ- 
ated with  either  natural  or  artificial 
hard-bottom  habitats  in  the  MAB 
(Eklund,  1988;  Adams,  1993;  Steimle 
and  Zetlin,  2000).  Although  direct 
observation  techniques  are  preferred 
for  assessment  of  the  fauna  of  rug- 
ged hard  substrata  (e.g.,  Caillet  et 
al.,  1999;  Quattrini  and  Ross,  2006; 
Ross  and  Quattrini,  2007),  these 
methods  have  not  been  widely  ap- 
plied on  the  MAB  shelf.  Three  stud- 
ies that  involved  nearshore  surveys 
in  the  MAB  used  direct  observation 
to  document  fishes  on  various  bot- 
tom types,  including  hard  bottom,  at 
depths  <55  m (Auster  et  al.,  1991; 
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Table  1 

Details  from  dives  of  remotely  operated  vehicles  (ROVs)  on  the  continental  shelf  of  the  Middle  Atlantic  Bight  during  2012 
(ROV  Kraken  II)  and  2013  (ROV  Jason  II),  which  were  conducted  from  the  NOAA  ship  Nancy  Foster  and  the  NOAA  ship 
Ronald  H.  Brown.  For  site  names,  W=shipwreck  sites;  SS=shallow,  soft-substrata  site;  NHB=natural  hard-bottom  site.  Total 
time  and  depth  range  are  for  times  when  the  ROV  was  on  the  bottom.  Daytime  (D)=0800-2000  h EDT;  nighttime  (N)=2000- 
0800  h EDT.  n/a=not  available. 


Dive  no. 

Site 

name 

Date 

Time 

Total 

time 

(min) 

Start 

latitude 

(N) 

Start 

longitude 

(W) 

End 

latitude 

(N) 

End 

longitude 

(W) 

Depth 

range 

(m) 

ROV-2012-NF-21 

SS 

20-Sep-12 

D 

304 

37°10.90' 

74°56.24' 

37°10.85' 

74°56.26' 

42-43 

ROV-2012-NF-22 

W-l 

22-Sep-12 

D 

622 

37°09.40' 

74°45.30' 

n/a 

n/a 

81 

ROV-2012-NF-23 

W-2 

23-Sep-12 

D 

612 

37°09.40' 

74°34.60' 

37°09.20' 

74°34.40' 

113 

ROV-2012-NF-24 

W-3 

24-Sep-12 

D 

519 

37°13.90' 

74°33.00' 

37°14.00' 

74°33.00' 

124-126 

ROV-2012-NF-26 

W-4 

26-Sep-12 

D 

223 

37°11.50' 

74°34.40' 

37°11.50' 

74°34.40' 

100-106 

ROV-2012-NF-27 

W-5 

26-Sep-12 

D 

363 

37°16.90' 

74°32.10' 

37°17.20' 

74°32.00' 

118-119 

ROV-2012-NF-28 

NHB 

27-Sep-12 

D 

291 

37°01.06' 

74°39.26' 

37°00.92' 

74°39.64' 

98-117 

ROV-2012-NF-29 

W-6 

27-Sep-12 

D 

251 

36°54.80' 

74°42.40' 

36°54.80' 

74°42.40' 

84-85 

ROV-2012-NF-30 

W-7 

28-Sep-12 

D 

174 

37°11.90' 

74°45.40' 

37°11.90' 

74°45.40' 

68-69 

ROV-20 13-RB-692 

W-4 

19-May- 13 

N 

295 

37°11.50' 

74°34.50' 

37°11.50' 

74°34.40' 

91-105 

ROV-2013-RB-693 

W-2 

20-May-13 

D 

894 

37°09.40' 

74°34.40' 

37°09.40' 

74°34.70' 

90-116 

ROV-20 13-RB-694 

W-3 

21-May-13 

D 

861 

37°13.90' 

74°33.10' 

37°14.00' 

74°33.10' 

101-126 

ROV-20 13-RB-695 

W-5 

22-May-13 

D 

504 

37°16.80' 

74°32.10' 

37°17.00' 

74°32.20' 

106-121 

ROV-2013-RB-696 

W-2 

23-May-13 

D 

197 

37°09.40' 

74°34.50' 

37°09.40' 

74°34.60' 

90-114 

Adams,  1993;  Diaz  et  al.,  2003).  Similar  assessments  in 
deeper  waters  of  the  middle  to  outer  shelf  are  lacking, 
aside  from  those  obtained  from  submersible  surveys  di- 
rected toward  tilefish  (Lopholatilus  chamaeleonticeps ) 
at  depths  of  117-268  m (Grimes  et  al.,  1986).  In  these 
studies,  the  physical  structure  of  habitat  was  observed 
to  be  correlated  with  fish  distribution  patterns.  High- 
er profile,  more  complex  habitats  generally  supported 
greater  fish  species  richness  and  higher  abundance 
for  some  species.  Bioengineering  by  tilefish  and  asso- 
ciated species  in  and  near  canyon  heads  also  created 
complex  habitats  for  other  outer  shelf  fauna  (Grimes 
et  al.,  1986). 

Non-natural  hard  substrata  (e.g.,  shipwrecks)  ag- 
gregate fish  and  invertebrates.  The  effects  of  artificial 
reefs  composed  of  shipwrecks  and  other  structures  (e.g., 
drilling  platforms  and  fish  attracting  devices)  are  well 
known  but  their  use  as  fish  habitat  is  still  being  de- 
bated (Stephan  and  Lindquist,  1989;  Grossman  et  ah, 
1997;  Perkol-Finkel  et  al.,  2006).  It  is  unclear  whether 
artificial  reef  structures  actually  increase  populations 
of  fish  as  opposed  to  simply  concentrating  them,  and 
understanding  the  role  of  artificial  reefs  is  increasing- 
ly important  considering  the  decline  of  natural  reefs 
worldwide  (Perkil-Finkel  et  al.,  2006).  However,  Arena 
et  al.  (2007)  reported  that  vessel-reefs  off  southeastern 
Florida  supported  significantly  higher  fish  species  rich- 
ness and  abundance  than  at  natural  reefs  and  that  dif- 
ferent community  structures  and  trophic  patterns  were 
observed  for  the  2 habitat  types,  and  they  suggested 
that  vessel-reefs  enhanced  local  fish  populations.  The 
extent  to  which  artificial  reefs  mimic  natural  reef  func- 


tions requires  further  study,  and  artificial  reefs  may 
only  approach  the  functions  of  natural  reefs  if  their 
physical  structures  are  similar  (Perkol-Finkel  et  al., 
2006). 

As  part  of  a larger  survey  of  submarine  canyons 
and  nearby  features  in  the  MAB,  historically  impor- 
tant shipwrecks,  naturally  occurring  hard  bottom,  and 
sandy  bottom  areas  on  the  outer  continental  shelf  near 
Norfolk  Canyon  were  surveyed  with  remote  operated 
vehicles  (ROVs)  in  2012  and  2013.  In  this  article,  we 
document  1)  species  of  overall  fish  communities  on 
shelf-depth  artificial  (shipwrecks)  substrata  and  natu- 
ral hard  substrata  and  nearby  soft-bottom  habitats,  2) 
relative  abundance  of  fish  species  in  those  communi- 
ties, and  3)  behaviors  and  distributions  of  fishes  on 
shipwreck  and  nonshipwreck  open  bottom  for  2 seasons 
(fall  in  2012  and  spring  in  2013).  The  degree  to  which 
fishes  were  associated  with  hard  bottom  and  the  degree 
to  which  such  habitats  supported  unique  communities 
were  investigated. 

Materials  and  methods 
Study  area 

On  the  middle  to  outer  continental  shelf  (depths  of  42- 
126  m)  of  the  southern  MAB,  9 locations  in  the  vicinity 
of  Norfolk  Canyon  were  surveyed  with  ROVs  (Table  1, 
Fig.  1).  These  study  sites  had  been  mapped  with  mul- 
tibeam sonar  in  2011.  The  shallowest  location  (site  SS) 
was  the  only  one  entirely  composed  of  flat,  soft  sediment 
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Figure  t 

Locations  of  the  9 sites,  7 shipwreck  sites  (W-l  through  W-7),  1 mostly  natural 
hard-bottom  (NHB)  site,  and  1 soft-bottom  (SS)  site,  where  remotely  operated 
vehicles  (ROVs)  were  used  to  collect  data  concerning  fish  assemblages  on  20-28 
September  2012  and  19-23  May  2013.  Depth  contours  are  given  in  meters.  The 
inset  illustrates  the  Middle  Atlantic  Bight;  the  rectangle  indicates  the  study 
area. 


bottom.  All  other  sites  comprised  predominately  hard, 
complex  substrata,  but  they  were  also  surrounded  by 
soft  substrata  (see  “Habitat  definitions”  section).  The 
natural  hard-bottom  (NHB)  location  was  dominated  by 
hard,  rough  bottom,  including  boulders,  rubble  fields, 
and  walls  of  consolidated  mud.  The  dominant  habitat 
in  7 of  the  study  sites  (e.g.,  W-l)  was  composed  of  8 
historically  important  shipwrecks,  all  sunk  during  the 
early  1920s  (i.e.,  6 of  the  ships  were  part  of  the  “Billy 
Mitchell  fleet”  [Lee,  1949]).  These  shipwrecks  had  the 
following  lengths  and  maximum  heights  off  bottom: 
W-l  (45x6  m),  W-2  (167x18  m),  W-3  (141x7  m),  W-4 
(301x3  m),  W-5  (2  shipwrecks  about  685  m apart;  64x3 
m and  53x2  m),  W-6  (171x14  m),  W-7  (72x3  m).  The 
shipwrecks  were  surrounded  by  soft  substrata  (sand  or 
gravel).  All  shipwrecks  were  covered  to  varying  degrees 
with  lost  fishing  gear  (trawls,  Fig.  2,  A and  C). 

Remotely  operated  vehicle 

Dives  of  the  ROV  were  conducted  with  the  Univer- 
sity of  Connecticut  ROV  Kraken  11  deployed  from  the 
NOAA  Ship  Nancy  Foster  on  20-28  September  2012 
and,  during  a second  research  cruise,  with  the  Woods 
Hole  Oceanographic  Institution  ROV  Jason  II  deployed 
from  the  NOAA  Ship  Ronald  H.  Brown  on  19-23  May 
2013.  The  site  SS,  the  site  NHB,  and  sites  W-l,  W-6, 
and  W-7  each  were  sampled  with  1 ROV  dive,  and  each 


of  the  other  shipwreck  sites  were  sampled  either  2 (W- 
3,  W-4,  and  W-5)  or  3 (W-2)  times  for  a total  of  14  ROV 
dives  (Table  1).  The  position  of  the  ROV  was  recorded 
continuously  by  using  an  ultrashort  baseline  tracking 
system,  and  navigation  data  were  time  synchronized 
with  all  imagery  and  samples.  An  SBE  911plus'  con- 
ductivity, temperature,  and  depth  (CTD)  instrument 
(Sea-Bird  Electronics  Inc.,  Bellevue,  WA)  was  attached 
to  the  ROVs  to  record  conductivity  (in  microSiemens 
per  centimeter),  temperature  (degrees  Celsius),  salin- 
ity, density  (a0,  in  kilograms  per  cubic  meter),  dis- 
solved oxygen  (DO,  in  milliliters  per  liter),  depth,  and 
pH  at  a frequency  of  once  per  second  during  each  dive. 
Only  temperature,  salinity,  and  DO  data  recorded  dur- 
ing dives  while  the  ROVs  were  on  or  near  bottom  are 
presented. 

Digital  video  was  collected  as  the  ROVs  moved  along 
transects  at  slow  speeds,  <~25  cm/s  (<0.5  kt),  across  all 
habitat  types  and  with  the  vehicles  as  near  to  bottom 
as  possible.  At  each  shipwreck,  video  and  still  image 
photo-mosaics  were  recorded  over  a series  of  parallel 
transects  that  covered  the  entire  shipwreck.  This  digi- 
tal imagery  was  used  for  vessel  identification,  examina- 
tion of  present  ambient  conditions  and  documentation 


1 Mention  of  trade  names  or  commercial  companies  is  for  iden- 
tification purposes  only  and  does  not  imply  endorsement  by 
the  National  Marine  Fisheries  Service,  NOAA. 
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Figure  2 

Photographs  of  fishes  and  habitats  surveyed  with  remotely  operated  vehicles  in  2012  and  2013  near  Norfolk 
Canyon  in  the  Middle  Atlantic  Bight:  (A)  school  of  unidentified  anthiine  serranids  and  at  least  one  yellow- 
tail  bass  (Anthias  nicholsi,  mid-left)  on  shipwreck  site  W-l,  81  m,  22  September  2012;  (B)  dense  aggrega- 
tions of  chain  dogfish  ( Scyliorhinus  retifer)  lying  on  shipwreck  structure  (site  W-5,  -115  m,  26  September 
2012),  4 yellowfin  bass  (2  upper  right,  2 lower  right),  and  red  arrows  indicate  clusters  of  egg  cases  of  chain 
dogfish;  (C)  warsaw  grouper  ( Hyporthodus  nigritus),  and  a scorpionflsh  ( Scorpaena  sp.,  lower  right  lying  on 
trawl  net)  on  shipwreck  site  W-5,  118  m,  26  September  2012;  (D)  snowy  grouper  (Hyporthodus  niueatus)  on 
the  natural  hard-bottom  (NHB)  site,  -110  m,  27  September  2013;  the  scaling  laser  dots  near  the  anal  fin 
indicate  that  this  fish  is  at  least  150  cm  long  in  total  length;  (E)  2 blueline  tilefish  ( Caulolatilus  microps) 
on  shipwreck  site  W-2,  -100  m,  20  May  2013;  and  (F)  rosette  skate  (Leucoraja  garmaini ) on  sandy  habitat 
near  shipwreck  site  W-2,  -100  m,  23  May  2013. 
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of  biota  and  habitats.  The  color  video  cameras  attached 
to  the  ROVs  had  scaling  lasers  (10-cm  spacing)  used  to 
estimate  total  length  (TL)  of  fish.  During  transect  sur- 
veys, the  cameras  were  positioned  to  record  directly  in 
front  of  the  ROV  and  were  set  on  wide  angle  (or  near 
wide  angle).  The  video  cameras  recorded  continuously 
throughout  the  ROV  dives  (whether  the  ROV  was  mov- 
ing over  transects  or  was  stationary  on  bottom),  and 
digital  still  images  were  taken  frequently  to  augment 
video  collection. 

Habitat  definitions 

A main  objective  was  to  determine  to  what  degree 
fishes  were  associated  with  general  habitats  on  a large 
scale;  therefore,  habitat  definition  was  reduced  to  2 
broad,  relatively  simple  types:  1)  soft  substrata  (SS) 
of  sand  or  mud — relatively  flat  substrata  and  with 
few  structuring  features  aside  from  gravel,  burrows, 
depressions,  and  animal  tracks;  and  2)  artificial  (ship- 
wreck) substrata  and  natural  hard  bottom  (AS/NHB), 
which  included  World  War  I-era  shipwrecks  with  sub- 
stantial vertical  profile  and  one  site  with  natural  hard 
bottom  (consolidated  mud,  ledges,  and  boulders).  Ad- 
ditional habitat  metrics  included  bottom  depth  and 
environmental  data  recorded  by  the  CTD  instruments 
mounted  on  the  ROVs. 

Video  analysis:  community  and  habitat  association 

A preferred  method  for  documenting  fauna  in  complex 
habitats,  visual  observations  (here  based  on  ROV-col- 
lected  video)  were  used  to  describe  the  fish  communi- 
ties and  associated  habitats  at  the  9 study  sites.  Tracks 
of  ROV  dives  were  processed  initially  to  conservatively 
remove  erroneous  tracking  data  (location  points)  as 
described  by  Quattrini  et  al.  (2012).  To  determine  com- 
munity structure  and  habitat  associations  of  fishes  at 
sites,  much  as  described  in  Ross  and  Quattrini  (2007), 
videos  from  each  dive  were  viewed  multiple  times  for 
habitat  classifications  (see  “Habitat  definitions”  sec- 
tion) and  for  identification  (to  the  lowest  possible  taxa) 
and  enumeration  of  fishes  by  time  of  observation.  Video 
segments  were  designated  when  the  ROV  stopped  or 
started  movement,  when  the  video  quality  changed,  or 
when  the  habitat  changed.  Depth  was  recorded  by  the 
ROV-mounted  SBE  911plus  for  every  time  segment. 
Unusable  video  (out  of  focus,  too  far  off  bottom,  because 
of  malfunction,  sediment  clouds)  was  removed  from  the 
data  set. 

Species  composition  and  relative  abundances  (fish 
counts)  were  determined  from  the  wide-angle  video  and 
were  compared  within  each  of  and  between  the  2 habi- 
tat types.  To  compare  abundances  of  all  species  within 
a habitat  type,  relative  abundances  were  calculated  in 
percentages  as  the  number  of  individuals  per  taxa  per 
habitat  type  divided  by  the  total  number  of  individuals 
observed  per  habitat  type  and  then  multiplied  by  100. 
For  comparisons  between  habitat  type,  analysis  was 
restricted  to  benthic  fishes  identified  to  at  least  fam- 


ily level  and  with  overall  abundances  >2.  Occurrence 
of  at  least  2 individuals  allowed  for  the  possibility  of 
a taxa  occurring  in  both  habitat  types.  Relative  abun- 
dances by  habitat  type  were  calculated  for  each  taxon 
by  dividing  the  number  of  individuals  in  a particular 
habitat  type  by  the  total  number  of  individuals  of  the 
same  species  from  both  habitat  types  and  multiplying 
the  result  by  100. 

Multivariate  analyses  were  conducted  in  PRIMER  6 
and  PERMANOVA+  (PRIMER-E  Ltd.,  Ivybridge,  U.K.) 
(Clarke  and  Warwick,  2001;  Clarke  and  Gorley,  2006; 
Anderson  et  al.,  2008)  to  determine  differences  in  ben- 
thic fish  assemblages  between  habitat  types.  Sample 
units  were  the  numbers  of  each  species  per  habitat  type 
(SS  or  AS/NHB)  per  ROV  dive;  samples  with  no  species 
present  were  removed  from  the  data  set.  Because  tran- 
sect times  were  variable,  abundances  of  species  were 
standardized  per  sample  by  dividing  the  number  of 
individuals  per  species  by  the  total  number  of  fishes 
per  sample.  Standardized  abundances  were  fourth-root 
transformed  to  down-weight  the  abundant  species  in 
relation  to  rare  species.  The  Bray-Curtis  similarity 
coefficient  was  used  to  calculate  similarities  between 
samples,  and  on  the  basis  of  the  resulting  similarity 
matrix  a nonmetric  multidimensional  scaling  ordina- 
tion (MDS)  plot  and  a dendrogram  with  group  aver- 
age linking  were  created.  One-way  analysis  of  similari- 
ties (ANOSIM)  and  post-hoc  multiple  comparison  tests 
were  used  to  determine  whether  there  were  significant 
differences  between  fish  assemblages  in  the  2 different 
habitat  types.  Similarity  percentage  (SIMPER)  analy- 
sis was  used  to  determine  which  species  contributed  to 
the  dissimilarities  among  habitat  types. 

Results 

On  the  9 study  sites  (depths  of  42-126  m),  14  ROV 
dives  were  completed,  9 dives  in  September  2012  and  5 
dives  in  May  2013  (Table  1,  Fig.  1),  resulting  in  84.4  h 
of  usable  video  data  on  hard-bottom  (AS/NHB)  habi- 
tat and  16.5  h of  video  data  on  soft-bottom  (SS)  habi- 
tat. Soft-bottom  habitat  was  observed  exclusively  with 
video  collected  during  the  dive  at  the  shallowest  site 
(Table  1,  Fig.  1);  however,  because  only  3 specimens  of 
unidentified  skates  were  observed  during  this  dive,  it 
made  little  contribution  to  our  study.  Although  ship- 
wrecks and  natural  hard  bottom  were  the  focus  of  the 
remaining  dives,  soft-bottom  habitat  surrounding  those 
hard-bottom  habitats  was  also  surveyed  during  these 
dives. 

In  September  2012,  mean  bottom  temperatures 
varied  about  2.5°C  across  the  study  sites;  the  coldest 
temperatures  (means:  11.9-13.0°C),  lowest  salinities 
(means:  33.1-34.8),  and  highest  DO  (means:  4. 0-4. 5 
mL/L)  occurred  at  the  shallower  sites  (depths  of  42-81 
m)  (Table  2).  At  each  of  the  5 deeper  sites  (depths  of 
84-126  m),  bottom  temperatures  (means:  14.2-14.5°C), 
salinities  (35.6-35.8),  and  DO  (3. 7-4.0  mL/L)  were 
similar  to  each  other.  In  May  2013,  little  variation  was 
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Tabie  2 

Environmental  data  (means,  ranges,  and  standard  errors  of  the  means  in  parentheses)  recorded  at  bottom  by  the 
SBE  911plus  system  (one  exception  indicated  at  the  footnote)  attached  to  the  remotely  operated  vehicles  Kraken 
11  (2012)  and  Jason  II  (2013)  during  surveys  of  shipwrecks  and  sandy  bottoms  on  the  continental  shelf  near 
Norfolk  Canyon  in  the  Middle  Atlantic  Bight.  Site  locations  are  appended  to  the  dive  year  in  each  dive  no.  (see 
Table  1).  NA=not  available.  DO=dissolved  oxygen. 

Dive  no. 

Temperature  (°C) 

Salinity 

DO  (mL/L) 

2012-NF-21-SS 

12.16,  11.95-12.29  (0.0007) 

33.14,  33.16-33.17(0.0001) 

4.51,  4.45-4.55  (0.0002) 

2012-NF-22-W1 

11.94,  10.73-14.61(0.0029) 

34.16,  32.92-34.94  (0.0015) 

4.22,4.08-5.54(0.0005) 

2012-NF-23-W2 

NA 

NA 

NA 

2012-NF-24-W3 

14.31,  14.10-14.47(0.0003) 

35.65,  35.32-35.80  (0.0005) 

3.88,3.67-4.14(0.0003 

2012-NF-26-W4 

14.47,  14.40-14.52  (0.0001) 

35.78,  35.69-35.80  (0.0001) 

3.98,  3.95-4.11  (0.0001) 

2012-NF-27-W5 

14.15,  14.00-14.46(0.0008) 

35.75,  35.74-35.80  (0.0000) 

3.69,3.51-4.84(0.0006) 

2012-NF-28-NHB 

14.33,  14.22-14.39  (0.0002) 

35.71,  35.50-35.77  (0.0004) 

3.93,  3.83-4.06  (0.0004) 

2012-NF-29-W6 

14.21,  13.86-14.30  (0.0009) 

35.63,35.12-35.72(0.0013) 

3.84,  3.67-4.85  (0.0004) 

2012-NF-30-W7 

13.00,  12.53-13.41(0.0013) 

34.76,34.45-35.09(0.0008) 

3.99,  3.87-4.78  (0.0004) 

2013-RB-692-W4 

13.16,  13.09-13.32  (0.0005) 

34.83,  32.20-35.72  (0.0085) 

2.99,  1.81-4.22  (0.0042) 

2013-RB-693-W2 

13.27,  13.18-13.50  (0.0003) 

32.81,  29.66-33.14  (0.0033) 

2.44,  1.38-4.31  (0.0018) 

2013-RB-694-W3 

13.42,  12.90-13.49  (0.0004) 

35.48,  32.64-35.94  (0.0027) 

3.08,2.09-4.46(0.0021) 

2013-RB-695-W5 

13.19,  13.10-13.45  (0.0004) 

29.42,  26.38-35.18  (0.0010) 

NA; 

2013-RB-696-W2 

13.32,  13.00-13.60  (0.0012) 

35.69,  35.63-35.77  (0.0002) 

4.71,4.57-4.76(0.0003) 

JData  were  taken  from  the  Jason  II  conductivity,  temperature,  and  depth  (CTD)  system,  SBE  911plus,  which  was 

not  operating. 

again  observed  among  the  5 deeper  sites,  but  tempera- 
tures (means:  13.2-13.4°C)  were  on  average  a degree 
colder  than  they  were  in  2012.  At  these  sites,  more  vari- 
ations in  salinity  (means:  29.4-35.7)  and  DO  (means: 
2. 4-4. 7 mL/L)  were  recorded  that  those  recorded  in 
2012.  It  seems  unlikely  that  the  small  environmental 
variations  were  biologically  significant  to  these  tem- 
perate, wide-ranging  fishes,  particularly  at  the  deeper 
sites,  but  monitoring  over  longer  periods  is  required  to 
determine  the  scale  of  environmental  variation. 

From  analysis  of  the  video  from  ROV  dives,  38 
unique  fish  taxa,  representing  at  least  25  families, 
were  identified  ( Urophycis  sp.,  Hyporthodus  sp.,  An- 
thiinae  (unidentified),  Caulolatilus  sp.,  Labridae  (un- 
identified), and  unidentified  fish  not  included  in  total 
counts;  Table  3).  Of  those  38  taxa,  33  occurred  on  the 
AS/NHB  habitat  type  (14  species  were  observed  only 
on  hard  bottom),  and  25  taxa  occurred  on  the  SS  habi- 
tat type  (6  occurred  only  on  soft  bottom)  (Table  3).  The 
lower  number  of  species  observed  in  the  SS  habitat 
type  was  at  least  partly  due  to  lower  dive  effort  there 
(Table  3).  Three  taxa,  a requiem  shark  ( Carcharhinus 
sp.),  the  greater  amberjack  ( Seriola  dumerili ),  and  the 
ocean  sunfish  (Mold  mola ),  that  occurred  over  or  near 
either  habitat  type  are  considered  pelagic  fish  that  are 
less  constrained  to  benthic  habitats. 

Fish  assemblages  on  each  habitat  type  were  numeri- 
cally dominated  by  relatively  few  species.  On  the  AS/ 
NHB  substrata,  96.5%  of  the  community  was  composed 
of  7 taxa  (in  decreasing  order  of  abundance):  uniden- 
tified anthiine  serranids,  the  chain  dogfish  ( Scyliorhi - 


nus  retifer),  the  yellowfin  bass  (Anthias  nicholsi),  the 
deepbody  boarfish  (Antigonia  capros),  the  red  barbier 
(Baldwinella  vivanus),  a scorpionfish  ( Scorpaena  sp.), 
and  the  black  sea  bass  ( Centropristis  striata).  Anthiine 
serranids  (all  combined,  including  yellowfin  bass,  red 
barbier,  and  unidentified  members  of  this  subfamily) 
and  the  chain  dogfish  (Fig.  2,  A and  B)  were  each  an 
order  of  magnitude  (2  orders  of  magnitude  compared 
with  most  species)  more  abundant  than  any  other  taxa 
in  either  habitat  type.  Most  of  the  Anthiinae  fishes 
that  were  observed  were  probably  red  barbier,  but 
small,  rapidly  moving  anthiines  can  be  difficult  to  iden- 
tify in  situ;  some  of  these  fishes  could  have  been  the 
streamer  bass  ( B . aureorubens),  longtail  bass  ( Heman - 
thias  leptus ),  or  threadnose  bass  ( Choranthias  tenuis). 
The  smaller  (-60-180  mm  TL)  fishes  of  the  subfamily 
Anthiinae  occurred  as  dense  aggregations  whose  mem- 
bers swam  rapidly  around  hard-bottom  structures  (Fig. 
2 A),  occasionally  straying  over  nearby  sandy  bottom. 
Larger  (usually  -130-200  mm  TL)  yellowtail  bass  were 
more  solitary  and  often  associated  with  the  anthiine 
schools  (Fig.  2,  A and  B). 

Six  taxa  (in  decreasing  order  of  abundance:  the 
chain  dogfish,  the  deepbody  boarfish,  the  black  sea 
bass,  Scorpaena  sp.,  the  yellowfin  bass,  and  anthiine 
serranids),  accounted  for  93.6%  of  the  fauna  on  the  SS 
habitat  type  but  usually  exhibited  a lower  percent  con- 
tribution to  the  SS  habitat  type  than  to  the  AS/NHB 
habitat  type  (Table  3).  Species  that  were  unique  to  ei- 
ther habitat  type  occurred  in  low  abundance  (<1%  of 
total  abundance  within  habitat). 
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Table  3 

Relative  abundance  (%)  of  fishes  observed  during  dives  of  remotely  operated  vehicles  in 
2012  and  2013  on  2 habitats  types:  1)  artificial  (shipwreck)  substrata  and  natural  hard 
bottom  (AS/NHB)  and  2)  soft  substrata  (SS)  near  Norfolk  Canyon,  Middle  Atlantic  Bight. 
Number  of  hours  of  observation  (usable  video)  and  depth  ranges  are  provided  under  each 
habitat  type. 


Taxa 


AS/NHB  SS 

84.42  h,  63-126  m 16.48  h,  40-126  m 


Scyliorhinidae 

Scyliorhinus  retifer , chain  dogfish 
Carcharhinidae 

Carcharhinus  sp.,  requiem  shark 
Rajidae 

Leucoraja  garmani,  rosette  skate 
Rajidae  (unidentified) 

Ophichthidae 

Ophichthus  cruentifer,  margined  snake  eel 
Congridae 

Conger  oceanicus , conger  eel 
Gadiformes  (unidentified),  cods 
Moridae 

Physiculus  fulvus,  metallic  codling 
Phycidae 

Phycis  chesteri,  longfin  hake 
Urophycis  chuss,  red  hake 
Urophycis  regia,  spotted  hake 
Urophycis  sp. 

Lophiidae 

Lophius  americanus,  goosefish 
Trachichthyidae 

Gephyroberyx  darwinii,  big  roughy 
Macroramphosidae 

Macroramphosus  scolopax,  longspined  snipefish 
Scorpaenidae 

Scorpaena  sp.,  scorpionfish 
Triglidae 

Prionotus  sp.,  searobin 
Polyprionidae 

Polyprion  americanus , wreckfish 
Serranidae 

Anthias  nicholsi,  yellowfin  bass 
Anthias  sp. 

Baldwinella  vivanus,  red  barbier 
Centropristis  striata,  black  sea  bass 
Hyporthodus  nigritus,  Warsaw  grouper 
Hyporthodus  niveatus,  snowy  grouper 
Hyporthodus  sp. 

Pronotogrammus  martinicensis,  roughtongue  bass 
Anthiinae  (unidentified) 

Malacanthidae 

Caulolatilus  microps , blueline  tilefish 
Caulolatilus  sp. 

Pomatomidae 

Pomatomus  saltatrix,  bluefish 
Carangidae 

Seriola  dumerili,  greater  amberjack 
Sparidae 

Stenotomus  chrysops,  scup 


30.158 

0.002 


0.002 


0.596 

0.002 

0.094 

0.002 

0.002 

0.006 

0.083 


0.600 

0.557 

1.249 

0.004 

0.004 

10.667 

0.002 

3.904 

1.180 

0.015 

0.058 

0.004 

0.006 

44.606 

0.369 


0.137 

0.062 

0.009 


56.489 

0.339 

0.594 

0.170 

0.170 

0.085 


0.085 

0.085 

0.254 

6.107 

0.085 

1.442 

0.085 

6.531 

0.085 

1.442 

0.594 

0.339 

1.781 

0.085 

0.509 
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Table  3 ( continued) 

AS/NHB 

SS 

Taxa 

84.42  h,  63-126  m 

16.48  h,  40-126  m 

Labridae 

Tautoga  onitis,  tautog 

0.008 

Tautogolabrus  adspersus,  cunner 

0.729 

0.254 

Labridae  (unidentified) 

0.002 

Caproidae 

Antigonia  capros , deepbody  boarfish 

4.776 

21.628 

Paralichthyidae 

Paralichthys  dentatus,  summer  flounder 

0.002 

0.085 

Paralichthys  oblongus,  fourspot  flounder 

0.004 

0.085 

Bothidae  (unidentified),  lefteye  flounders 

0.254 

Pleuronectidae 

Glyptocephalus  cynoglossus,  witch  flounder 

0.002 

Hippoglossoides  platessoides,  American  plaice 

0.002 

Cynoglossidae 

Symphurus  stigmosus,  blotchfin  tonguefish 

0.085 

Molidae 

Mola  mola,  ocean  sunfish 

0.002 

Unidentified  fishes 

0.096 

0.339 

Chain  dogfish  were  less  abundant  on  the  natural 
hard  bottom  (site  NHB)  than  on  the  shipwreck  (AS) 
or  SS  habitats.  They  occurred  in  massive  numbers  at 
the  shipwreck  sites,  where  they  were  often  so  densely 
packed  that  they  lay  on  top  of  each  other  in  layers  that 
were  several  individuals  thick  (Fig.  2B).  Individuals 
and  aggregations  of  individuals  were  observed  on  all 
areas  of  the  shipwreck  sites,  including  on  and  within 
the  trawl  nets  that  covered  sections  of  the  shipwrecks. 
Although  many  chain  dogfish  were  observed  lying  on 
soft  bottom,  they  did  so  generally  within  tens  of  meters 
of  the  shipwrecks.  The  aggregations  of  chain  dogfish 
probably  reflect  activity  related  to  spawning  because 
thousands  of  their  egg  cases  were  attached  to  the  ship- 
wreck structures  and  the  nets  that  covered  them  (Fig. 
2B). 

Because  shelf  communities  are  subjected  to  sea- 
sonal environmental  variability  and  may  exhibit  sea- 
sonal distribution  patterns,  multivariate  analysis  was 
used  to  examine  seasonal  differences  (fall  2012  versus 
spring  2013)  in  fish  distributions  at  the  4 study  sites 
that  were  sampled  during  both  seasons;  17  video  sam- 
ples (8  for  fall,  9 for  spring)  and  29  species  were  ex- 
amined in  this  analysis.  Season  did  not  have  a signifi- 
cant impact  on  fish  assemblages  (ANOSIM,  coefficient 
of  multiple  correlation  [f?]  = -0.024,  P= 0.55).  Likewise, 
there  were  no  differences  in  assemblage  structure  over 
the  limited  depth  range  examined  (8  sites,  depths  of 
68-126  m,  dive  NF-21  at  site  SS  excluded,  f?=0.026, 
P=0.400).  The  greatest  distances  between  sites  were 
no  more  than  50  km,  and  fish  assemblages  (excluding 
observations  from  dive  NF-21)  at  the  8 sites  were  not 
significantly  different  (P=0.130,  P=0.090)  in  regard  to 
distance  from  one  another  or  distance  from  Norfolk 


Canyon.  Therefore,  all  data  were  combined  for  analysis 
of  habitat  influence  on  fish  assemblages. 

Multivariate  analysis  of  26  video  samples  (exclud- 
ing those  from  the  shallow  dive  NF-21)  and  41  taxa, 
indicated  a significant  difference  (P=0.499,  P=0.001)  in 
fish  assemblage  structure  between  the  soft  bottom  (SS) 
and  hard  bottom  (AS/NHB)  habitat  types  (Fig.  3).  The 
video  samples  from  the  AS/NHB  habitat  type  were  60% 
dissimilar  from  the  2 sample  groups  affiliated  with  the 
SS  habitat  type;  the  video  sample  associated  with  nat- 
ural hard-bottom  habitat  (at  site  NHB)  grouped  with 
the  shipwreck  hard-bottom  (AS)  samples  (dive  number 
28,  Fig.  3).  The  fishes  most  influencing  the  group  of 
samples  from  the  AS/NHB  habitat  type  (on  the  basis 
of  SIMPER  analysis)  were  the  chain  dogfish,  members 
of  Anthiinae,  the  yellowfin  bass,  the  deepbody  boarfish, 
the  conger  eel  (Conger  oceanicus ),  Scoi'paena  sp.,  the 
red  barbier,  the  cunner  ( Tautogolabrus  adspersus ),  and 
the  blueline  tilefish  ( Caulolatilus  microps).  Fishes  most 
influencing  the  groups  of  samples  from  the  SS  habitat 
type  were  the  chain  dogfish,  Scorpaena  sp.,  the  deep- 
body  boarfish,  and  the  black  sea  bass. 

Data  indicates  at  least  some  difference  in  fish  com- 
munities along  isobaths.  Within  the  hard  bottom  group, 
video  samples  (n=9)  from  the  4 deeper  shipwreck  habi- 
tats (AS)  north  of  Norfolk  Canyon  (depths  of  91-126  m; 
Fig.  1)  grouped  closely  together  (Fig.  3),  although  data 
were  collected  in  2 different  years  and  seasons.  The  3 
shipwreck  hard-bottom  (AS)  video  samples  from  the 
shallower  middle  shelf  (depths  of  68-85  m;  Fig.  1)  were 
offset  together  in  the  overall  group  of  samples  from  the 
AS/NHB  habitat  type  (dive  numbers  22,  29,  30;  Fig.  3). 
The  3 samples  from  sandy  bottom  on  the  middle  shelf 
(SS  habitat  type,  dive  numbers  22,  29,  30;  Fig.  3)  also 
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were  set  apart  from  most  other  SS  samples 
(Fig.  3).  Fishes  that  occurred  in  deeper  wa- 
ters (>90  m)  that  were  missing  from  those 
3 middle  shelf  sites,  regardless  of  habitat 
type,  were  the  metallic  codling  (Physiculus 
fulvus),  the  big  roughy  ( Gephyroberyx  dar- 
winii),  the  longspine  snipefish  (Macroram- 
phosus  scolopax ),  groupers  ( Hyporthodus 
spp.),  and  the  deepbody  boarfish.  Two  spe- 
cies common  on  the  middle  shelf  sites,  the 
scup  ( Stenotomus  chrysops ) and  the  tautog 
( Tautoga  onitis),  were  not  observed  on  the 
deeper  sites. 

Habitat  preference  also  was  indicated  by 
relative  abundance  patterns  of  most  benthic 
fishes.  The  hard  bottom  (AS/NHB)  habitat 
type  contained  >89%  of  the  abundance  of 
each  of  22  fish  taxa  (i.e.,  the  first  22  species 
in  Fig.  4),  and  far  more  individuals  were  ob- 
served overall  in  that  habitat  type  than  in 
the  SS  habitat  type.  Several  species,  includ- 
ing a searobin  (Prionotus  sp.),  the  fourspot 
flounder  ( Paralichthys  oblongus),  the  sum- 
mer flounder  (P.  dentatus ),  and  the  scup, 
used  both  soft-  and  hard-bottom  habitats 
frequently.  A few  taxa,  including  lefteye 
flounders  (Bothidae),  the  margined  snake 
eel  ( Ophiclithus  cruentifer),  and  the  rosette 
skate  (Leucoraja  garmani),  were  observed 
only  on  soft  bottom  (Figs.  2F  and  4). 


Habitat  code 
▲ SS 
■ AS 
*NHB 

Similarity  (%) 

40 

- 30 


Multidimensional  scaling  ordination  of  26  video  samples  from  habi- 
tats of  artificial  (shipwreck)  substrata  (AS),  natural  hard  bottom 
(NHB),  and  soft  substrata  (SS),  based  on  the  Bray-Curtis  similarity 
matrix  calculated  from  standardized,  fourth-root  transformed  fish 
abundances  (41  taxa).  Numbers  by  symbols  are  the  dive  numbers 
given  to  each  dive  of  the  remotely  operated  vehicles  (see  Table  1). 


Discussion 

Fishes  that  occupied  natural  and  artificial  hard-bottom 
habitats  on  the  middle  to  outer  shelf  of  the  MAB  ex- 
hibited an  assemblage  structure  in  our  study  that  was 
different  from  that  of  the  well-documented  (e.g.,  Mu- 
rawski  et  al.,  1983;  Mahon  et  al.,  1998)  ichthyofauna 
of  MAB  soft-bottom  habitats.  Although  the  most  abun- 
dant reef  (i.e.,  hard-bottom)  species  also  were  observed 
and  counted  on  soft-bottom  habitat,  in  most  cases  they 
were  never  far  from  reef  structures.  The  hard-bottom 
habitats  surveyed  in  our  study  were  dominated  by  cool- 
temperate  and  warm-temperate  species  that  are  gen- 
erally considered  to  be  reef  associates,  although  some 
(e.g.,  the  chain  dogfish,  black  sea  bass,  and  conger  eel) 
have  broad  depth  and  latitudinal  distributions  and 
large-scale  habitat  use.  Other  species  common  to  the 
hard-bottom  habitats  (e.g.,  most  Serranidae,  the  tau- 
tog, the  blueline  tilefish,  and  the  deepbody  boarfish) 
exhibited  more  restricted  distributions  and  tighter  as- 
sociation with  reefs.  Species  of  Serranidae  (excluding 
the  black  sea  bass)  in  particular  seemed  constrained 
to  a relatively  narrow  depth  range  (from  ~70  m to  at 
least  150  m)  in  the  MAB,  most  likely  because  of  the 
generally  warmer  (>10°C)  and  less  variable  bottom  wa- 
ter temperatures  along  the  outer  shelf  of  the  southern 
MAB  (Colvocoresses  and  Musick,  1984). 

In  contrast  to  most  of  the  fishes  associated  with 


soft-bottom  habitats,  several  of  the  abundant  hard- 
bottom  species  (Fig.  2,  A-E;  e.g.,  the  yellowfin  bass,  the 
red  barbier,  groupers,  and  the  blueline  tilefish)  were 
further  constrained  by  being  at  or  near  the  northern 
limits  of  their  adult  ranges  (Moore  et  al.,  2003;  Ander- 
son and  Heemstra,  2012).  Because  many  of  the  common 
hard-bottom  species  (e.g.,  most  of  the  Serranidae  and 
the  chain  dogfish  and  deepbody  boarfish)  likely  have 
an  obligate  association  with  reef-like  habitats  (Able 
and  Flescher,  1991;  Craig  et  al.,  2011;  Anderson  and 
Heemstra,  2012),  the  relatively  limited  extent  of  hard 
bottom  in  the  MAB  (Steimle  and  Zetlin,  2000)  would 
also  affect  their  distribution.  Therefore,  an  abundant 
component  of  the  hard-bottom  fish  community  in  the 
southern  MAB  is  restricted  by  habitat  availability, 
depth,  and  zoogeography,  of  which  the  latter  2 con- 
straints probably  are  related  to  bottom  temperature. 
Although  this  reef  community  of  the  outer  shelf  ap- 
pears to  flourish,  these  limitations  likely  make  it  vul- 
nerable to  overfishing,  habitat  damage,  and  large-scale 
environmental  variations. 

Results  presented  here  differ  substantially  from 
those  of  other  surveys  of  the  MAB.  Our  ROV  study 
sites  overlapped  with  some  of  the  areas  of  fish  group- 
ings that  were  based  on  decades  of  bottom  trawl  sur- 
veys (Colvocoresses  and  Musick,  1984;  Mahon  et  al., 
1998);  however,  the  majority  of  species  common  to  this 
study  and  these  2 trawl-based  studies  were  species 
that  are  reported  to  be  most  common  on  sandy  bottoms 
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AS/NHB 


SS 


Poly  prion  americanus 


Anthiinae  (unidentified) 
Anthias  nicholsi 
Conger  oceanicus 
lutogolabrus  adspersus 
Physiculus  fulvus 
Urophycis  sp 


Macroram phosus  scolopax 
Seriola  dumerili 
Antigonia  capros 
Scorpaena  sp. 
Centropristis  striata 
Prionotus  sp. 
Paralichthys  oblongus 
Pomatomus  sattatrix 
Paralichthys  dentatus 
Stenotomus  chrysops 
Rajidae  (unidentified) 
Leucoraja  garmani 
Ophichthus  cruentifer 
Caulolatilus  sp. 
Bothidae  (unidentified) 
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Figure  4 

Relative  abundance  within  species  across  2 habitat  types:  1)  artificial  (shipwreck) 
substrata  and  natural  hard  bottom  (AS/NHB)  and  2)  soft  substrata  (SS),  for  benthic 
species  that  had  2 or  more  individuals  identified  in  the  analysis  of  video.  A=total 
number  of  individuals  counted  during  analysis  of  video  collected  along  transects. 


(e.g.,  goosefish  [Lophius  americanus],  spotted  hake 
[Urophycis  regia],  fourspot  flounder,  summer  flounder). 
The  most  abundant  taxa  observed  in  our  study  (i.e., 
the  chain  dogfish,  Anthiinae,  and  the  deepbody  boar- 
fish),  as  well  as  others  known  to  be  reef  associates  (e.g., 
groupers,  the  blueline  tilefish,  and  wrasses  [Labridae]), 
were  not  abundant  or  were  not  reported  in  those  ear- 
lier trawl-based  studies  (see  also  Grosslein  and  Az- 
arovitz,  1982).  The  differences  in  species  composition, 
largely  resulting  from  sampling  constraints  imposed 
by  trawls,  emphasize  the  high  degree  of  separation  be- 
tween fish  communities  on  soft-bottom  and  those  on 
reef-like  habitats  in  the  MAB. 

Although  Grimes  et  al.  (1986)  and  Ross  et  al.  (2015) 


conducted  visual  surveys  that  covered  extensive  com- 
plex habitats  in  the  region,  they  reported  only  2 (25% 
overlap)  and  10  (12%  overlap)  fish  species,  respectively, 
in  common  with  those  observed  in  our  study.  In  those 
2 studies,  the  faunal  differences  can  be  attributed  to 
deeper  waters  or  a sampling  areas  much  farther  north 
than  those  surveyed  in  our  study.  Although  also  com- 
pleted farther  north  (~  41°N),  visual  surveys  (Auster 
et  al.,  1995)  conducted  over  flat,  primarily  sand  and 
shell  bottom  (sites  at  depths  of  55,  240,  712  m)  yielded 
37.5%  fish  species  in  common  with  our  study,  and  most 
of  those  species  exhibited  broad  habitat  affinity  or  af- 
finity for  soft  bottom.  In  contrast,  the  MAB  hard-bottom 
habitats  surveyed  in  our  study  shared  43%  of  the  fish 
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fauna  with  a deep  (depths  of  237-253  m)  shipwreck  off 
Cape  Fear,  North  Carolina,  that  was  assessed  during 
one  earlier  ROV  dive  (Quattrini  and  Ross,  2006).  Many 
(-30%)  of  the  reef-associated  fishes  reported  here  are 
common  on  outer  shelf  hard  grounds  throughout  the 
southeastern  United  States  (Grimes  et  al.,  1982;  Quat- 
trini and  Ross,  2006),  also  indicating  a warm-temper- 
ate affinity  for  reef  fishes  of  the  southern  MAB. 

As  with  the  reefs  of  the  middle  to  outer  shelf,  hard- 
bottom  habitats  of  the  shallower  inner  shelf  of  the 
MAB  were  dominated  by  relatively  few,  but  different, 
fish  species  (i.e.,  the  black  sea  bass,  tautog,  cunner, 
and  scup).  On  the  deeper  hard-bottom  habitats  sur- 
veyed in  this  study,  the  black  sea  bass,  tautog,  and 
scup  ranked  below  the  top  6 species  in  abundance. 
Previous  shelf  studies  were  conducted  in  much  shal- 
lower water  (depths  <35  m)  (Briggs,  1975;  Feigenbaum 
et  al.,  1985;  Eklund  and  Targett,  1991;  Adams,  1993), 
and  not  many  small  species  were  caught  in  2 studies 
that  relied  heavily  on  data  from  fish  traps.  However, 
taxa  like  the  Anthiinae,  most  common  on  deeper  reefs 
(Anderson  and  Heemstra,  2012),  are  unlikely  to  occur 
on  inshore  reefs.  Although  regionally  limited  in  gen- 
eral, hard-bottom  habitats  and  associated  data  that 
can  be  recorded  there  are  even  more  rare  along  the 
outer  shelf  (i.e.,  ~100-m  depth  zone;  Steimle  and  Zetlin, 
2000).  Despite  the  restricted  scope  of  these  deep  shelf 
reefs,  they  support  economically  important  fishes  (e.g., 
groupers,  tilefishes,  and  black  sea  bass)  and  exhibit  a 
high  species  richness  of  fishes,  as  do  reefs  at  similar 
depths  south  of  Cape  Hatteras  (Parker  and  Ross,  1986; 
Quattrini  and  Ross,  2006). 

A degree  of  faunal  stability  along  the  outer  shelf  of 
the  southern  MAB  is  indicated  by  similarities  between 
years  or  seasons  for  the  4 study  sites  sampled  in  both 
seasons  and  both  years.  Although  many  fish  species 
shift  distributions  by  season  in  the  MAB  (Murawski 
et  al.,  1983),  such  movements  may  be  less  pronounced 
in  deeper  waters.  A relatively  small  (~2°C)  variation  in 
bottom  temperatures  along  the  outer  shelf  (depth  -100 
m)  was  correlated  with  consistent  groupings  of  soft- 
bottom  species  across  seasons  and  years  (Colvocoresses 
and  Musick,  1984).  Grimes  et  al.  (1986)  noted  that  the 
region  from  southern  New  England  to  the  MAB  was  of- 
ten occupied  by  a warmer  (9-14°C)  bottom  water  mass 
from  depths  of  about  100-300  m.  In  contrast,  there 
were  distinct  seasonal  differences  in  fish  communities 
correlated  with  temperature,  which  varied  over  a range 
of  16.7°C,  on  an  artificial  reef  in  much  shallower  wa- 
ter, at  a depth  of  21  m,  off  Virginia  (Adams,  1993).  For 
the  deeper  shipwreck  sites  that  we  sampled  during  2 
seasons,  only  a mean  bottom  temperature  difference 
<1.5°C  was  observed  between  the  2 survey  periods.  Al- 
though more  continuous  and  long-term  environmental 
data  are  needed  to  capture  more  accurate  means  and 
especially  variability,  our  results  agree  with  the  larger 
data  set  from  Colvocoresses  and  Musick  (1984). 

Colton  (1972)  noted  a series  of  warming  and  cool- 
ing trends  on  the  shelf  in  the  Gulf  of  Maine,  but  there 
was  also  little  apparent  change  in  the  distributions  of 


4 groundfish  species  correlated  with  these  tempera- 
ture shifts.  Because  obligate  reef  fishes  usually  exhibit 
strong  site  or  area  fidelity,  as  long  as  bottom  tempera- 
tures remain  within  tolerances,  much  of  the  reef  fish 
community  (e.g.,  Anthiinae  and  Hyporthodus  spp.)  on 
the  outer  shelf  of  the  MAB  should  continue  to  occupy 
these  hard-bottom  sites.  However,  episodic  intrusions 
of  cold  water  from  the  north  or  from  the  deep  sea  can 
jeopardize  some  species  of  the  reef  fish  community  of 
the  MAB  outer  shelf  and  could  cause  mass  mortalities 
as  documented  for  tilefish  (Marsh  et  al.,  1999). 

As  previously  suggested  (Murawski  et  al.,  1983;  Nye 
et  al.,  2009;  Mpller  et  al.,  2010),  it  is  tempting  to  pro- 
pose that  hard-bottom  habitats  of  the  southern  MAB 
are  increasingly  invaded  by  more  warm-temperate  spe- 
cies, possibly  in  response  to  rising  ocean  temperatures. 
North  Carolina  is  the  closest  southern  source  where 
many  of  the  species  noted  here  are  abundant  on  ex- 
tensive outer  shelf  hard-bottom  habitats  (Grimes  et 
al.,  1982;  Parker  and  Mays,  1998;  Quattrini  and  Ross, 
2006).  Although  Cape  Henry,  Virginia,  was  listed  with 
question  as  the  northern  limit  of  blueline  tilefish  (Dool- 
ey, 1978),  our  observations  confirm  its  presence  in  the 
MAB  (Fig.  2E)  and  extend  its  range  north  of  Norfolk 
Canyon.  That  species,  and  the  yellowfin  bass,  had  been 
reported  from  this  region  from  the  early  20th  century 
(Firth,  1933,  1937).  Snowy  grouper  ( Hyporthodus  nive- 
atus)  and  warsaw  grouper  ( H . nigritus)  (Fig.  2,  C and 
D)  were  reported  in  New  England  waters  as  early  as 
the  late  19th  century,  but  in  most  of  these  cases  the 
fish  were  juveniles  collected  inshore  and  assumed  to 
be  strays  (Smith,  1971).  Large  adults  (documented  in 
world  tackle  records)  of  snowy  grouper  recently  oc- 
curred in  the  MAB  recreational  hook-and-line  fishery 
(as  did  blueline  tilefish),  but  data  presented  here  are 
the  first  descriptions  of  their  relative  abundance  and 
adult  habitat  along  the  outer  shelf  of  the  MAB.  Re- 
cent collections  of  red  barbier  near  Wilmington  Canyon 
represent  the  first  records  of  that  species  for  the  MAB 
(Moore  et  al.,  2003),  but  this  small,  deep-reef-specific 
fish  could  have  easily  escaped  detection.  Similarly,  our 
observations  of  3 individuals  of  roughtongue  bass  (Pro- 
notogrammus  martinicensis)  at  depths  of  92  m on  the 
natural  hard  bottom  represent  a new  northern  range 
limit  (from  North  Carolina,  Anderson  and  Heemstra, 
2012)  for  this  species,  but  this  observation  does  not 
necessarily  mean  that  this  species  is  newly  arrived 
to  the  MAB.  Although  historical  data  have  been  inad- 
equate (because  of  a lack  of  appropriate  sampling  on 
deep  reefs)  to  allow  an  evaluation  of  long-term  changes 
in  the  patterns  of  hard-bottom  species  composition  on 
the  MAB  outer  shelf,  this  study,  the  first  to  examine 
outer  shelf  reef  fishes  of  this  region,  should  provide  a 
baseline  for  future  assessments. 
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Abstract— Many  biological  processes 
are  described  in  terms  of  transitions 
between  discrete  stages.  For  ex- 
ample, crustacean  larvae  generally 
pass  through  a number  of  stages 
that  are  punctuated  by  transitional 
molting  events.  On  the  other  hand, 
some  continuous  processes,  such  as 
embryo  development,  are  frequently 
described  in  terms  of  discrete  stages. 
Despite  the  widespread  use  of  such 
conceptual  models,  a mathematical 
model  that  quantitatively  describes 
the  transitions  between  multiple 
stages  has  not  been  developed  for 
crustacean  larvae.  I describe  a model 
of  multiple  transitions  between  stag- 
es that  can  be  fitted  to  such  data 
and  that  holistically  describes  the 
processes  and  allows  explicit,  quan- 
titative comparisons  among  treat- 
ments or  studies.  The  base  of  the 
model  is  the  logistic  equation  that 
is  frequently  used  to  model  a transi- 
tion between  2 stages.  By  summing 
together  multiple  logistic  equations, 
one  for  each  transition  between 
stages,  the  model  can  accommodate 
multiple  stages.  Variance  is  modeled 
by  treating  each  transition  as  a bi- 
nomial distribution  and  summing 
the  variance  from  each  transition. 
To  demonstrate,  I fitted  the  model 
to  data  on  larval  development  of  red 
and  blue  king  crabs  (Paralithodes 
camtschaticus  and  P.  platypus).  The 
model  provides  an  excellent  fit  for 
these  data  and  quantitatively  de- 
scribes the  process  of  larval  develop- 
ment for  these  crab  species. 
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Biologists  often  describe  biological 
processes  as  discrete  stages,  either 
on  the  basis  of  a natural  underly- 
ing stepwise  process  or  to  simplify 
a complex  continuous  process.  For 
example,  crustacean  larval  develop- 
ment generally  encompasses  discrete 
stages  that  are  punctuated  by  molt- 
ing events  (e.g.,  Costlow  and  Book- 
hout,  1959;  Haynes,  1982).  For  sim- 
plicity’s sake,  embryo  development  of 
various  species  is  frequently  divided 
into  stages  defined  by  particular 
characteristics,  although  develop- 
ment in  some  stages  is  considered 
continuous  rather  than  discrete  (e.g., 
Kimmel  et  al.,  1995;  Bas  and  Spivak, 
2000;  Stevens,  2006).  More  broadly, 
diseases  and  communities  are  also 
described  as  transitioning  between 
stages.  Although  such  developmental 
processes  are  commonly  described  in 
the  biological  literature,  no  model 
has  been  developed  that  quantita- 
tively describes  processes  which  in- 
volve sequential  transitions  between 
multiple  discrete  stages  and  allows 
explicit  comparisons  among  treat- 
ments or  species. 

Frequently,  each  stage  is  consid- 
ered independently  (e.g.,  Paul  and 
Paul,  1999;  Andres  et  al.,  2010;  Wal- 
ther  et  al.,  2010)  and  each  measured 
or  estimate  variable,  such  as  stage 
duration,  is  analyzed  separately 


by  using  univariate  statistics  (e.g., 
analysis  of  variance  [ANOVA]  or  t- 
tests).  This  approach  is  unsatisfac- 
tory because  any  comparisons  among 
treatments  require  a large  number 
of  statistical  tests,  increasing  the 
frequency  of  type-I  errors — problems 
that  are  similarly  caused  by  the 
use  of  a series  of  univariate  statis- 
tics to  analyze  a multivariate  data 
set  (Quinn  and  Keough,  2002).  In 
addition,  in  studies  on  larval  devel- 
opment, the  method  used  for  deter- 
mining average  interstage  duration 
is  often  not  defined  (Paul  and  Paul, 
1999;  Andres  et  al.,  2010;  Walther  et 
al.,  2010).  The  method  is  not  defined 
because  of  the  inherent  difficulties 
in  determining  when  a replicate  con- 
tainer with  many  larvae  has  reached 
the  next  stage.  Does  the  next  stage 
occur  the  first  larva  transitions  or 
when  the  last  one  does?  Or  does  it 
occur  on  the  first  day  when  at  least 
half  have  transitioned? 

Red  king  crab  and  blue  king  crab 
( Paralithodes  camtschaticus  and  P. 
platypus)  are  commercially  fished 
species  in  Alaska  and  have  a wide 
and  overlapping  distribution  (Somer- 
ton,  1985).  In  both  species,  mature 
females  molt,  mate,  and  extrude  a 
batch  of  eggs  in  the  spring  and  brood 
the  eggs  for  about  a year  (Jensen 
and  Armstrong,  1989;  Stevens  and 
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Figure  1 

Relationships  of  stage  transitions  and  predicted  variance  to 
time,  measured  in  arbitrary  units,  from  the  (A)  single-stage 
transition  model  (time  at  which  50%  of  the  individuals  have 
made  the  transition  [^so,l]  = 15,  slope  parameter  at  the  transition 
that  describes  the  abruptness  of  the  transition  [si]=  -8)  and  the 
(B)  Model  of  multiple  transitions  between  stages  with  4 stages 
and  3 transitions  (£504=10,  £50,2=25,  £50,3=40,  si=-30,  S2=-20, 
s3=-50). 


Swiney,  2007).  The  species  have  a similar  size-fecundi- 
ty relationship  (Herter  et  al.,  2011;  Swiney  et  al.,  2012; 
Swiney  and  Long,  2015),  but  blue  king  crab  reproduce 
only  once  every  2 years  whereas  red  king  crab  produce 
a clutch  annually  (Jensen  and  Armstrong,  1989). 

The  larvae  of  both  species  are  planktonic  for  2-3 
months  before  the  glaucothoe  settle  into  benthic  habi- 
tats (Shirley  and  Shirley,  1989;  Stevens  et  al.,  2008). 
Because  newly  settled  king  crabs  are  highly  vulnerable 
to  predators  (Stevens  and  Swiney,  2005),  the  glauco- 
thoe typically  remain  planktonic  until  they  find  a com- 
plex habitat  suitable  for  settlement  (Stevens  and  Kitta- 
ka,  1998;  Stevens,  2003;  Tapella  et  al.,  2009).  Red  king 
(Pirtle  and  Stoner,  2010)  and  blue  king  (Daly  and  Long, 
2014a)  crabs  are  vulnerable  to  predation  from  both 
conspecifics  (Stoner  et  al.,  2010;  Daly  and  Long,  2014b) 
and  other  predators  (Daly  et  al.,  2013),  but  predation  is 
reduced  in  complex  habitats  such  as  cobble,  shell  hash, 
and  macroalgae  (Stoner,  2009;  Long  et  al.,  2012;  Long 
and  Whitefleet-Smith,  2013).  In  red  king  crab,  individ- 


uals transition  into  podding  behavior  as  they 
grow  too  large  to  be  cryptic  (Powell  and  Nick- 
erson, 1965;  Dew,  1990),  but  nothing  is  known 
about  blue  king  crab  at  this  age.  Both  species 
mature  at  a carapace  length  of  about  90  mm 
(Somerton  and  Macintosh,  1983;  Blau,  1989), 
although  size  at  maturity  varies  among  popu- 
lations (Pengilly  et  al.,  2002). 

In  this  study,  I present  a simple  model  that 
describes  such  stepwise  processes.  It  is  flexible 
enough  to  be  expanded  to  multiple  stages  and 
allows  for  explicit  comparisons  among  species 
or  treatments  in  a holistic  way.  Throughout 
this  article  I refer  to  this  model  of  multiple 
transitions  between  stages  as  the  MT  (multiple 
transitions)  model.  To  illustrate  this  model,  I 
fitted  larval  development  data  from  laboratory- 
reared  red  and  blue  king  crabs.  Larvae  of  both 
species  pass  through  4 zoeal  stages  (ZI-ZIV) 
and  1 glaucothoe  stage  (G)  before  they  meta- 
morphose to  the  first  benthic  crab  stage  (Cl) 
(Sato  and  Tanaka,  1949;  Hoffman,  1968);  there- 
fore, these  larval  stages  provide  an  opportunity 
to  explore  the  utility  of  this  model. 

Materials  and  methods 

Description  of  the  multiple  transitions  model 

The  basis  of  the  MT  model  is  the  logistic  fam- 
ily of  equations,  which  are  frequently  used  to 
describe  a transition  from  one  stage  to  another, 
for  example,  from  life  to  death  as  a function  of 
time  (e.g.,  Long  et  al.,  2008)  or  from  immature 
to  mature  as  a function  of  size  (e.g.,  Somerton, 
1980).  For  the  power-function  version  used  to 
describe  the  transition  between  2 stages  of  de- 
velopment, the  equation  would  be  parameter- 
ized as  follows: 

Stage  = 1 H — , (1) 

' \*1 


, *50,1 , 

where  t = the  independent  variable  (time); 

£504  = the  time  at  which  50%  of  the  individuals 
have  made  the  transition;  and 
si  = the  slope  parameter  at  the  transition  that 
describes  the  abruptness  of  the  transition. 

This  equation  could  be  simplified  as  Stage=l+p  1,  where 
pi  is  the  probability  of  an  individual  having  undergone 
the  transition.  Larger  absolute  values  of  s indicate  a 
more  rapid  transition  between  states.  The  lower  and 
upper  limits  for  this  function  are  1 and  2,  respectively. 

This  equation  has  the  desired  properties  of  the  func- 
tion being  1 at  values  of  t far  below  £50,1,  rising  sigmoi- 
dally to  1.5  at  £504,  and  rising  toward  an  asymptote  of 
2 as  £ increases  above  £504,  with  the  amount  of  time 
both  stages  are  present  being  a function  of  si  (Fig.  1A). 
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This  function  is  easily  expanded  to  n stages  with  n- 1 
transitions: 

Stage  = 1 + YJiZl — — — • 

, t ‘ (2) 

> *50, i , 

This  function  ranges  from  1 to  n and  increases  in  a 
stepwise  fashion  (Fig.  IB).  Although  I have  used  the 
power  function  in  this  study  because  the  parameteriza- 
tion is  convenient  for  interpretation,  other  sigmoidal 
functions  could  be  substituted  in  the  equation  without 
otherwise  altering  the  model. 

Modeling  the  expected  variance  employs  a similar 
logic.  Because  the  variance  is  expected  to  vary  con- 
tinuously in  this  model,  it  is  imperative  to  model  the 
variance  as  well  as  the  mean  in  a statistically  valid 
manner  (Bolker,  2008).  When  the  logistic  function  (Eq. 
1)  is  used  to  describe  the  transition  between  2 states, 
a binomial  distribution  is  often  assumed  (e.g.,  Long  et 
al.,  2013a)  and  variance  is  given  with  the  following 
equation: 

var  = p(l  - p),  (3) 

where  var  - the  variance;  and 

p = the  probability  of  the  event  occurring. 

This  variance  structure  is  appropriate  because  the 
variance  is  0 at  a probability  of  0 (i.e.,  none  of  the 
population  have  made  the  transition),  maximum  at 
a probability  of  0.5  (i.e.,  at  t=t 50,  the  point  at  which 
there  is  transition  between  the  states),  and  0 again  at 
a probability  of  1 (i.e.,  all  of  the  popidation  has  made 
the  transition;  Fig.  1A). 

In  the  MT  model,  a pure  binomial  distribution  can- 
not be  assumed  because  the  total  number  of  states  is 
greater  than  2;  however,  a similar  variance  structure 
can  be  achieved  by  treating  each  of  the  transitions 
as  a separate  binomial  distribution  and  summing  the 
variances  together.  Therefore,  variance  for  the  expand- 
ed MT  model  (Eq.  3)  can  be  given  with  the  following 
equation: 

var  — Cou(Xj,Xk)  + ^''“l1(l-  p{),  (4) 

where  Cov(X = the  covariance  between  each  combi- 
nation of  stage  transitions  (where 
i^k)  and  p^  is  the  probability  of 
an  individual  undergoing  the  ith 
transition. 

Because  the  covariance  between  any  2 stage  transitions 
will  be  0 if  the  stage  transitions  happen  at  different 
times  (i.e.,  if  only  one  of  the  transitions  is  occurring 
at  the  same  time),  this  term  is  0 under  most  circum- 
stances. If,  however,  there  is  substantial  overlap  be- 
tween 2-stage  transitions  (i.e.,  if  there  are  times  when 
3 different  stages  are  present  at  the  same  time),  the 
covariance  between  those  2 stage  transitions  should 
be  included  in  the  model.  This  circumstance  should  be 
rare  for  the  majority  of  uses  for  which  this  model  is 
intended. 


Equation  4 has  properties  similar  to  those  of  Equa- 
tion 3 in  that  the  variance  is  highest  at  values  of  t 
that  are  near  one  of  the  transitions  but  approaches  0 
at  values  between  transitions  when  all  the  individu- 
als are  expected  to  be  in  a single  stage  (Fig.  IB).  At 
a given  variance,  the  binomial  distribution  can  be  ap- 
proximated by  the  normal  distribution  (Bolker,  2008). 
Although  such  an  approximation  is  not  as  good  at  val- 
ues of  p close  to  0 or  1,  this  approximation  affects  only 
the  estimates  of  the  tails  of  the  error  distribution  and 
not  the  mean  and,  therefore,  should  not  affect  the  fit 
of  the  model.  By  assuming  normal  distributions  of  er- 
ror with  variances  that  change  according  to  Equation 
4,  the  model  allows  more  than  2 stages  and  therefore 
overcomes  the  2-state  limit  of  the  binomial  distribu- 
tion. This  approach  allows  the  variance  to  change  as  if 
it  were  a binomial  distribution,  providing  a good  mech- 
anistic match  to  the  data  structure. 

Model  applied  to  larval  development 

In  the  winter  of  2010,  9 and  11  ovigerous  female  red 
king  crab  and  blue  king  crabs,  respectively,  were  col- 
lected in  baited  commercial  pots  in  the  Bering  Sea. 
Crabs  were  identified  according  to  the  methods  of 
Donaldson  and  Byersdorfer  (2005).  Red  king  crab  were 
transported  to  the  Kodiak  Fishery  Research  Center  in 
the  “live  well”  of  a commercial  fishing  vessel,  and  blue 
king  crab  were  transported  in  coolers  by  air  cargo.  In 
the  laboratory,  the  crabs  were  held  in  flow-through  sea- 
water supplied  from  Trident  Basin,  Kodiak,  at  ambient 
temperature  and  salinity  and  fed  to  excess  on  a diet  of 
chopped  frozen  fish  and  squid. 

Larval  rearing  procedures  were  similar  to  those  of 
Swingle  et  al.  (2013).  In  brief,  larvae  were  collected  at 
hatching  and  larvae  of  red  and  blue  king  crabs  were 
pooled  and  each  stocked  in  a separate  2000-L  tank. 
Larval  red  king  crab  were  stocked  at  50  larvae/L,  the 
amount  collected  in  a single  day  from  8 females  that 
were  hatching  at  the  time.  Because  only  6 female  blue 
king  crab  produced  larvae  simultaneously,  larvae  of 
blue  king  crab  were  collected  over  3 days  and  were 
stocked  at  30  larvae/L.  Because  of  differences  in  ther- 
mal tolerances  (Stoner  et  al.,  2013),  the  red  king  crab 
were  reared  at  8.8°C  (standard  deviation  [SD]  1.0),  and 
the  blue  king  crab  were  reared  at  6.5°C  (SD  0.6).  While 
the  larvae  were  in  the  zoeal  stages,  they  were  fed  a 
diet  of  DC  DHA  Selco1  (INVE  Aquaculture,  Salt  Lake 
City)  enriched  Artemia  nauplii.  The  glaucothoe  stage 
is  a stage  when  larvae  are  not  feeding  (Abrunhosa  and 
Kittaka,  1997a,  1997b);  therefore,  no  food  was  provided. 
Each  day,  from  stocking  to  the  point  when  all  of  the 
larvae  had  molted  to  the  first  crab  stage,  10  larvae 
from  each  species  were  removed,  the  developmental 
stage  of  each  was  determined,  and  the  mean  develop- 
mental stage  of  the  10  larvae  was  calculated. 


1 Mention  of  trade  names  or  commercial  firms  does  not  im- 
ply endorsement  by  the  National  Marine  Fisheries  Service, 
NOAA. 
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Table  t 

Ranking  of  models  of  larval  development  in  red  and  blue  king  crabs  ( Para - 
lithodes  camtschaticus  and  P.  platypus ) with  the  use  of  Akaike  information 
criteria,  corrected  for  small  sample  sizes  (AICe).  Common  parameters  (species 
the  same)  or  different  parameters  (species  different)  were  used  in  the  models. 
K=number  of  parameters.  Likelihood=likelihood  of  each  model  relative  to  all 
the  models  considered. 


Model 

K 

AICc 

AAICc 

Likelihood 

AICc  weights 

Species  different 

20 

-5974 

0.00 

1.00 

1.00 

Species  the  same 

10 

-2249 

3725 

0.00 

0.00 

there  was  no  support  for  this  model 
(Burnham  and  Anderson,  2002). 

In  terms  of  degree-days,  larvae 
of  red  king  crab  molted  to  the  ZII, 
ZIII,  and  ZIV  stages  earlier  than 
larvae  of  blue  king  crab,  both  spe- 
cies molted  to  the  G stage  at  about 
the  same  time,  and  blue  king  crab 
molted  to  the  Cl  stage  earlier  than 
red  king  crab  (Fig.  2,  Table  2).  The 
stage  transitions  of  red  king  crab 
were  more  rapid  than  those  of  blue 
king  crab  (Fig.  2,  Table  2),  although 
the  precision  in  the  estimates  for  s 


The  mean  stage  on  each  day  was  fitted  to  the  MT 
model  (Eq.  2)  in  R vers.  2.14.0  (R  Development  Core 
Team,  2011),  by  using  maximum  likelihood  (mle  func- 
tion, stats4  package,  vers.  3.1.0)  and  by  assuming  a 
normal  distribution  of  errors  with  a variance  struc- 
ture defined  by  Equation  4.  Time  was  expressed  in  de- 
gree-days (a  measure  that  accounts  for  both  time  and 
temperature)  to  control  for  the  difference  in  rearing 
temperatures  (e.g.,  Stevens,  1990;  Long  et  al.,  2013b; 
Swiney  et  al.,  2013)  and  calculated  as 

DDm  = ZT=o  TemPi  x 1 day,  ( 5 ) 

where  DDm  = the  degree-days  on  day  m; 
t = the  time  in  days;  and 
Tempi  = the  temperature  (in  Celsius)  on  day  t. 

Two  models  were  fitted,  one  in  which  the  parameters 
were  common  between  red  and  blue  king  crabs  and  one 
in  which  parameters  differed  between  the  species.  Mod- 
els were  compared  with  the  Akaike  information  crite- 
ria, corrected  for  small  sample  sizes  (AICc): 

A/Cc  = -log(L)  + 2id  - I,  (6) 

{ 1 — K — 1 ) 

whereL  = the  likelihood  of  the  model; 

K = the  number  of  parameters  in  the  model;  and 
n - the  sample  size;  and 

where  the  AICc  was  used  to  select  the  best  model 
(Burnham  and  Anderson,  2002).  Normality  of  the  er- 
rors was  checked  through  examination  of  the  standard- 
ized residuals  of  the  best  model. 


Results 

The  model  of  larval  development  with  independent 
parameters  for  red  and  blue  king  crabs  was  the  one 
in  which  red  and  blue  king  crabs  provided  the  best  fit 
(Table  1)  with  a coefficient  of  determination  (r2,  calcu- 
lated with  the  raw  data)  for  red  and  blue  king  crabs  of 
0.98  and  0.97,  respectively  (Fig.  2).  The  model  in  which 
they  did  not  differ  had  a AAICc  of  3700,  indicating  that 


Figure  2 

Larval  development  of  (A)  red  king  crab  ( Paralithodes 
camtschaticus)  and  (B)  blue  king  crab  (P.  platypus) 
from  the  first  zoeal  stage  through  the  first  crab  stage. 
Points  represent  the  mean  stage  as  determined  each 
day  throughout  development.  Error  bars  are  one  stan- 
dard deviation;  note  that  on  days  when  all  the  larvae 
were  at  one  stage  the  standard  deviation  was  0.  Lines 
represent  the  best-fit  stage-transition  model  for  each 
species.  The  larval  stages  shown  are  the  4 zoeal  stages 
(ZI-ZIV),  the  glaucothoe  stage  (G),  and  the  first  ben- 
thic crab  stage  (Cl).  r2=coefficient  of  determination. 
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Table  2 

Mean  estimates,  with  standard  errors  in  parentheses,  of  the  1 50  parameter  (the  time  at  which  50%  of  indi- 
viduals have  made  the  transition)  and  the  s parameter  (the  slope  at  the  transition)  for  the  transitions  be- 
tween each  stage  in  the  larval  development  of  red  and  blue  king  crabs  (Paralithodes  camtschaticus  and  P. 
platypus).  The  stages  are  the  4 zoeal  stages  (Zl-IV)  and  the  glaucothoe  stage  (G).  The  stage  given  in  the 
first  column  indicates  that  the  transition  is  from  that  stage  to  the  next  one  (e.g.,  “G”  indicates  the  tran- 
sition from  the  glaucothoe  stage  to  the  first  crab  stage).  The  estimates  for  1 50  are  given  in  degree-days. 


Red  king  crab  Blue  king  crab 


Stage 

*50 

s 

-s/t^o 

^50 

s 

-s/tso 

ZI 

57.0  (SE  0.0002) 

-1743 (SE  2929) 

30.57 

61.5  (SE  0.0004) 

-1434 (SE  58) 

23.31 

ZII 

107.2  (SE  0.6) 

-642 (SE  1208) 

5.99 

122.5  (SE  0.1) 

-129  (SE  1.2) 

1.05 

ZIII 

165.7  (SE  0.1) 

-225 (SE  4) 

1.36 

180.9  (SE  0.3) 

-113  (SE  1.3) 

0.62 

ZIV 

263.9  (SE  0.1) 

-158  (SE  0.1) 

0.60 

265.6  (SE  0.1) 

-101  (SE  0.1) 

0.38 

G 

450.6  (SE  0.2) 

-286  (SE  6) 

0.64 

438.9  (SE  0.8) 

-158  (SE  6.8) 

0.36 

were  low  for  several  stages  because  of  the  rapidity  of 
the  transition. 

Discussion 

In  this  article,  I describe  a new  method  for  modeling 
biological  processes  that  involve  multiple  transitions 
between  discrete  stages.  The  summing  of  simple  lo- 
gistic equations,  which  are  frequently  used  for  stage- 
transition  models,  is  analogous  to  commonly  used 
time-series  analyses  that  model  periodic  phenomena 
as  a sum  of  multiple  cosine  waves  (e.g.,  Linhart  and 
Zucchini,  1986).  The  method  provides  a concise,  math- 
ematical description  of  such  transitional  processes,  is 
mechanistically  sound,  and  provides  easily  interpreted 
parameters.  The  £50  for  each  transition  is  used  easily  to 
determine  the  length  of  time  between  stages,  is  objec- 
tive and  quantitative,  allows  for  explicit  comparisons 
among  studies,  and  avoids  problems  with  qualitative 
determinations,  such  as  the  time  when  molts  are  ob- 
served (e.g.,  Swingle  et  al.,  2013).  The  s parameter, 
which  is  proportional  to  the  rate  of  change  between 
stages,  may  also  be  of  interest  to  investigators. 

The  MT  model  provided  an  excellent  fit  to  the  data 
for  larval  development  of  red  and  blue  king  crabs  and 
provided  estimates  of  the  standard  error  (SE)  in  the 
estimates  of  parameters  that  allow  comparisons  among 
studies.  It  is  worth  noting  that  I used  these  data  as 
example  data  (the  original  purpose  for  rearing  the  lar- 
vae was  to  produce  crabs  for  use  in  other  experiments), 
and  no  conclusions  can  be  drawn  about  reasons  for  the 
differences  between  the  red  and  blue  king  crabs  in  this 
experiment  because  there  was  no  replication  and  mul- 
tiple factors  (e.g.,  species,  stocking  density,  and  tem- 
perature) differed  between  the  tanks.  However,  the 
estimates  for  development  time  can  be  compared  with 
those  of  other  studies,  and  they  agree  well  with  them. 

Kurata  (1960)  compiled  results  from  a number  of 
experiments  on  larval  rearing  of  red  king  crab  and 


reported  a range  of  260.4-397.8  degree-days  (mean: 
325.0)  from  hatching  to  the  G stage  and  a range  of 
392.4-514.8  degree-days  (mean:  462.8)  from  hatching  to 
the  Cl  stage.  My  estimates  of  263.9  degree-days  (from 
hatching  to  G)  and  450.6  degree-days  (from  hatching 
to  Cl)  fall  within  both  ranges  from  that  earlier  study. 
Similarly,  larvae  of  red  king  crab  from  the  Barents  Sea 
had  stage  durations  of  66.0,  68.7,  69.3,  and  79.1  (284 
total)  degree-days  for  the  Z1-Z4  stages  (Kovatcheva  et 
al.,  2006)  compared  with  my  estimates  of  57.0,  50.2, 
58.5,  and  98.2  (263.9  total).  Blue  king  crab  have  been 
studied  less  than  red  king  crab,  but  our  estimate  of 
265.6  degree-days  for  hatching  through  the  G stage 
and  438.9  degree-days  for  hatching  through  the  Cl 
stage  are  very  similar  to  the  254.4  degree-days  (from 
hatching  to  G)  and  439.4  degree-days  (from  hatching 
through  Cl)  averages  found  by  Stevens  et  al.  (2008). 

In  general,  the  estimates  for  the  s parameters  were 
good,  but  on  a couple  of  the  transitions,  particularly 
the  first  2 transitions  for  the  red  king  crab,  the  es- 
timates had  poor  precision  (Table  2).  In  these  cases, 
there  were  0-1  observations  of  the  actual  transition, 
and,  therefore,  the  MT  model  could  not  precisely  esti- 
mate the  rapidity  of  the  transitions.  Values  of  s that 
approach  infinity  are  possible  given  the  data;  therefore, 
the  SE  in  the  parameter  estimate  is  high.  If  the  esti- 
mate of  s is  of  particular  interest,  then  the  precision 
of  the  estimate  can  be  increased  by  increasing  the  fre- 
quency of  observations. 

Theoretically,  there  is  no  limit  to  the  number  of 
stages  that  can  be  modeled  with  this  approach.  I orig- 
inally developed  this  technique  to  model  embryo  de- 
velopment in  golden  king  crab  ( Lithodes  aequispinus) 
and  was  able  to  obtain  a good  fit  for  a 13-stage  model 
(Long  and  Van  Sant,  2016).  However,  as  the  number 
of  stages  and  the  number  of  parameters  increase,  it 
becomes  more  difficult  for  the  algorithms  to  find  the 
global  minimum  in  the  log-likelihood  surface  (Bolker, 
2008),  and  the  model  fitting  becomes  more  sensitive 
to  the  starting  values  for  the  parameters  (Appendix). 
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The  starting  values  for  the  £50  parameters  are  fairly 
easily  estimated  by  simply  examining  the  data  for  the 
times  when  the  transitions  are  occurring;  however,  the 
s parameters  are  more  difficult  to  estimate.  Therefore, 
the  use  of  an  iterative  process  to  determine  reasonable 
starting  values  for  these  parameters  may  be  helpful. 
When  fitting  the  MT  model  or  any  model  with  a large 
number  of  parameters,  it  is  highly  recommended  to  fit 
the  data  under  multiple  sets  of  starting  parameter  val- 
ues, and  it  is  imperative  to  graph  the  model  and  data 
together  to  ensure  that  the  fit  is  optimal  and  realistic. 

In  most  cases,  £ 50  will  be  a parameter  of  inter- 
est; however,  there  are  times  when  the  rapidity  of 
the  transition  between  stages  may  be  relevant  to  the 
question  posed  by  an  investigator.  For  example,  many 
crab  species  are  cannibalistic,  especially  immediately 
after  molting,  when  soft  crabs  are  particularly  vulner- 
able (e.g.,  Borisov  et  al.,  2007).  Therefore,  to  minimize 
cannibalism,  a hatchery  may  find  it  valuable  to  deter- 
mine under  what  conditions  molting  is  highly  synchro- 
nous among  individuals  within  a tank  (because  all  the 
individuals  transition  within  a short  space  of  time). 
The  s parameter,  as  stated  previously,  indicates  how 
quickly  the  transition  between  one  stage  and  another 
occurs.  However,  s values  cannot  be  compared  directly 
with  each  other  without  first  normalizing  them  to  the 
£50  values.  The  derivative  of  Equation  1 evaluated  at 
tgo  is 


This  derivative  demonstrates  that  the  slope  at  £50  is 
dependent  on  both  s and  £50. 

In  cases  where  comparisons  in  the  rate  of  the  stage 
transitions  are  important,  it  is  necessary  to  calculate 
the  ratio  of  s to  £50  to  make  the  comparison.  For  ex- 
ample, in  Figure  IB,  the  first  transition,  which  has  an 
s of  -30,  occurs  more  rapidly  than  the  third  transition, 
which  has  an  s of  -50.  Interpreting  the  s values  alone 
would  indicate  that  the  third  transition  should  be  the 
most  rapid,  and  it  is  not.  However,  the  ratios  of  s to  £50 
for  the  first  and  third  transitions  are  -3.0  and  -0.8,  re- 
spectively, and  comparing  the  absolute  values  of  these 
ratios  allows  an  investigator  to  make  a correct  inter- 
pretation of  the  relative  rapidity  of  transitions  (Fig. 
IB). 

The  data  on  larval  development  provide  an  example 
of  how  this  ratio  can  be  used  to  compare  the  rapidity 
of  stage  transitions.  For  both  red  and  blue  king  crabs, 
the  rapidity  of  the  transition  between  stages  decreases 
with  each  additional  stage  transition  (Fig.  2,  Table  2). 
The  individual  variance  in  developmental  time  leads  to 
this  decrease,  which  has  been  previously  observed  in 
both  species  (Stevens  et  ah,  2008;  Persselin  and  Daly, 
2010),  and  it  is  reasonable  to  conclude  that  individual 
differences  in  feeding  and  growth  rates  would  result  in 
a larger  spread  in  molting  times  later  in  development. 
In  addition,  the  larvae  of  red  king  crab  consistently 
had  faster  transitions  between  stages  than  did  the  lar- 


vae of  blue  king  crab  (Fig.  2,  Table  2).  This  difference 
is  most  likely  a result  of  the  red  king  crab  having  been 
stocked  in  a single  day,  compared  with  the  blue  king 
crab,  which  were  stocked  over  3 days. 

The  MT  model  presented  in  this  article  provides  a 
flexible  and  holistic  approach  for  a quantitative  descrip- 
tion of  complicated  biological  processes.  This  model  is 
particularly  well  suited  to  crustaceans  and  indeed  to 
arthropods  in  general,  given  that  they  develop  though 
a series  of  transitional  molts;  however,  any  biological 
process  that  is  divided  into  discrete  stages  (e.g.,  Kim- 
mel  et  al.,  1995)  can  be  modeled  with  this  technique. 
Treating  the  process  with  a single  model  affords  in- 
vestigators the  ability  to  compare  treatments  by  using 
model  selection  techniques  (Burnham  and  Anderson, 
2002),  while  avoiding  the  increase  in  the  type-I  error 
rate  inherent  in  analyzing  a large  number  of  response 
variables  with  univariate  statistics  (Quinn  and  Ke- 
ough,  2002). 

Metadata  for  the  data  produced  in  the  study  de- 
scribed in  this  article  are  available  at  InPort  (website). 
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consists  of  at  least  2 vectors,  one  called  “stage,”  which 
contains  the  stage  for  each  sample,  and  one  called 
“time,”  containing  the  time  at  which  each  sample  was 
measured.  Annotations  are  in  italics. 


library! stats4)  #The  statsd  library  contains  the  required  mle  function 

Stage=function(T50_l,T50_2,sl,s2){  #this  function  calculates  the  negative  log  likelihood 

#given  the  data  and  a set  of  parameters.  Additional  stages 
thvould  require  further  parameters  to  be  included  here. 
ave=l+(l/(l+(Stg$Time/T50_l)Asl))+  #“ave”  is  the  average  stage  at  each  time 
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(l/(l+(Stg$  Time  /T50_2)As2))  #additional  stages  would  be  added  by 

# summing  additional  logistic  equations  here.  A 
#fourth  stage  would  require  2 more  parameters: 
#T50_3  and  s_3 

var=(l/( l+(Stg$  Time  /T50_l)Asl))*(l-(l/(l+(Stg$  Time  /T50_l)Asl)))+  #calculates 
(l/(l+(Stg$  Time  /T50_2)As2))*(l-( l/< l+(Stg$  Time  /T50_2)As2)))  #the  variance 

# additional  stages  require  the  variance  for  each 
transition  to  be  added  here. 

-sum(dnorm(Stg$Stage,ave,varA.5,log=TRUE))  #calculates  the  negative  log  likelihood 

) 

param=list(T50_l=10,  T50_2=25,sl=-10,s2=-20)  ttinitial  parameter  estimates.  If  the  model  is 

#expanded  to  more  stages,  then  the 
^necessary  parameters  and  estimates  need 
#to  be  added  to  this  list. 

mStage=mle( Stage, start=param)  #fits  the  data  to  the  model  through  the 

#use  of  maximum  likelihood 

summary(mStage)  #gives  a summary  of  the  fit,  including  estimates  of  the 

# parameter ; their  standard  errors,  and  the  -2  log 
# likelihood  of  the  fit. 
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Abstract— The  golden  king  crab 
(. Lithodes  aequispinus)  is  a commer- 
cially important  species  in  Alaska 
waters  with  an  asynchronous  repro- 
ductive cycle  and  lecithotrophic  lar- 
vae. In  this  study,  we  qualitatively 
and  quantitatively  describe  embryo 
development  for  this  species.  Six  fe- 
male multiparous  golden  king  crab 
were  captured  from  the  Aleutian 
Islands,  Alaska,  and  mated  in  the 
laboratory.  Their  embryos  were  pho- 
tographed on  average  once  every  9 
days  throughout  embryogenesis.  We 
describe  13  stages  of  embryo  devel- 
opment on  the  basis  of  both  visual 
observations  and  embryo  morpho- 
metries from  1241  measured  embry- 
os. Embryo  development  was  simi- 
lar to  that  of  other  cold-water  crab 
species,  with  the  exceptions  that 
1)  golden  king  crab  did  not  have  a 
diapause  and  2)  that  the  average 
percentage  of  the  area  occupied  by 
the  yolk  at  hatching,  at  about  40%, 
was  much  higher  than  that  of  other 
species.  Both  of  these  differences 
likely  are  attributable  to  the  fact 
that  the  larvae  are  lecithotrophic 
and,  therefore,  do  not  need  to  syn- 
chronize hatch  time  with  planktonic 
food  availability  but  do  need  energy 
reserves  to  develop  to  the  first  crab 
stage.  This  study  increases  our  un- 
derstanding of  the  reproductive  biol- 
ogy of  the  golden  king  crab  and  pro- 
vides a baseline  for  future  studies  of 
embryo  development. 
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The  golden  king  crab  ( Lithodes  ae- 
quispinus) is  an  important  fishery 
species  in  Alaska  waters;  the  an- 
nual harvest  of  the  Aleutian  Islands 
stock  has  averaged  around  5-6  mil- 
lion lb  since  1996  (NPFMC,  2015). 
In  North  American  waters,  golden 
king  crab  are  distributed  primarily 
along  the  upper  portion  of  the  con- 
tinental slope,  on  seamounts,  and  in 
fjords  in  the  Gulf  of  Alaska  and  to 
southern  British  Columbia,  along  the 
Aleutian  Islands,  and  in  the  Bering 
Sea  (Butler  and  Hart,  1962;  Sloan, 
1985;  Donaldson  and  Byersdorfer, 
2005).  They  have  been  harvested  in 
the  Bering  Sea  since  the  early  1980s, 
and  the  harvest  levels  there  have 
been  among  the  most  stable  for  any 
crab  species  or  stock  (Orensanz  et  al., 
1998;  NPFMC,  2015). 

Female  golden  king  crab  reach 
maturity,  on  average,  at  a carapace 
length  (CL)  of  about  98-111  mm, 
depending  on  the  stock  and  latitude 
(Jewett  et  al.,  1985;  Somerton  and 
Otto,  1986).  The  reproductive  cycle 
of  golden  king  crab  is  not  an  annual 
event  and  is  probably  asynchronous 
in  many  areas  (Hiramoto,  1985; 
Otto  and  Cummiskey,  1985;  Somer- 
ton and  Otto,  1986;  Paul  and  Paul, 
2000,  2001).  Like  all  lithodids,  female 
golden  king  crab  must  molt  before 
mating  (Paul  and  Paul,  2001),  after 


which  they  extrude  a clutch  of  up 
to  27,000  eggs  (Jewett  et  al.,  1985). 
Golden  king  crab  have  lower  fecun- 
dities than  similar-size  red  ( Para - 
lithodes  camtschaticus)  and  blue 
( Paralithodes  platypus ) king  crabs 
(Haynes,  1968;  Somerton  and  Macin- 
tosh, 1985;  Swiney  et  al.,  2012).  They 
have  much  larger  embryos  because 
their  larvae  are  lecithotrophic  and 
therefore  are  supplied  with  greater 
energy  reserves  than  are  the  larvae 
of  red  and  king  crab  (Shirley  and 
Zhou,  1997;  Paul  and  Paul,  1999). 
For  golden  king  crab,  the  brooding 
duration  is  about  362  days,  and  the 
time  between  the  completion  of  lar- 
val hatching  and  extrusion  of  a new 
clutch  is  about  194  days;  however, 
these  parameters  have  been  esti- 
mated only  in  the  laboratory  at  tem- 
peratures that  were  higher  than  the 
temperatures  experienced  by  crab 
in  the  field  and  are  likely  underes- 
timates (Paul  and  Paul,  2001).  After 
hatching,  larvae  pass  through  3 zoeal 
stages  and  1 glaucothoe  stage  before 
they  molt  to  the  first  benthic  crab 
stage  (Shirley  and  Zhou,  1997;  Paul 
and  Paul,  1999). 

One  of  the  current  gaps  in  our 
understanding  of  the  biology  of  the 
golden  king  crab  is  the  process  of 
embryo  development.  The  embryos 
of  both  the  red  king  crab  (Nakani- 
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shi,  1987)  and  the  blue  king  crab  (Stevens,  2006)  have 
been  described  in  detail,  but  little  attention  has  been 
given  to  the  golden  king  crab  up  to  this  point.  It  is 
likely  that,  given  the  asynchronous  reproductive  cycle 
and  the  lecithotrophic  development  of  larvae,  golden 
king  crab  embryos  are  substantially  different  from 
those  of  the  other  2 species.  The  asynchronous  cycle 
could  lead  to  greater  differences  among  females,  and 
lecithotrophic  larval  development  could  result  in  differ- 
ences in  embryo  morphology,  particularly  in  yolk  size, 
at  hatching.  In  this  study,  we  examined  and  measured 
the  embryos  of  golden  king  crab  from  time  of  extrusion 
though  hatching  and  describe  their  development. 

Materials  and  methods 

Golden  king  crab  were  caught  in  commercial  pots 
along  the  Aleutian  Islands,  Alaska,  in  the  fall  of  2005 
and  2006  and  transported  to  the  Kodiak  Laboratory 
of  the  NOAA  Alaska  Fisheries  Science  Center  in  air 
cargo.  Crab  were  identified  according  to  the  methods 
of  Donaldson  and  Byersdorfer  (2005).  Crab  were  held 
in  2000-L  tanks  with  flow-through  seawater  chilled 
to  3-4°C,  a range  that  reflects  the  temperatures  ex- 
perienced by  female  golden  king  crab  in  the  Aleu- 
tian Islands  (Blau  et  al.,  1996;  Stabeno  et  ah,  2005) 
and  were  fed  chopped  frozen  fish  and  squid  to  excess. 
Tanks  were  covered  with  opaque  sheets  of  foam  both 
to  provide  insulation  and  to  keep  the  females  in  most- 
ly dark  conditions. 

Six  females,  4 captured  in  2005  and  2 caught  in 
2006,  were  used  in  this  study.  Females  were  either 
late-stage  ovigerous,  as  evinced  by  eyed  embryos,  or 
they  were  hatched  out,  as  evinced  by  empty  egg  cases 
found  when  collected.  They  were  between  120  and  141 
mm  CL.  Six  mature  males,  128-132  mm  CL,  were  kept 
with  pre-mating  females  in  a holding  tank  because  fe- 
males may  molt  and  mate  anywhere  from  5 to  464  days 
after  they  finish  hatching  larvae  (Paul  and  Paul,  2001). 

When  pre-mating  grasping  occurred,  a crab  pair  was 
moved  to  a separate  tank  to  ensure  that  the  female 
would  not  be  eaten  after  molting.  After  the  females 
molted,  they  mated  and  extruded  a new  clutch  of  eggs. 
At  this  point,  they  were  placed  in  another  tank  where 
all  the  postmating  females  were  held  together  with  no 
males.  The  day  of  extrusion  was  considered  day  1 of 
brooding  and  embryo  development. 

Embryos  were  collected  regularly  throughout  de- 
velopment from  a random  location  within  the  clutch. 
Throughout  development  for  each  female,  time  be- 
tween samples  varied  with  the  stage  of  development 
but  averaged  once  every  9 days  or  a mean  of  48  times 
(range:  42-54  times).  At  sampling,  embryos  were  ex- 
amined and  photographed  under  a stereomicroscope. 
Uneyed  embryos  were  stained  for  5 min  in  Bouin’s  so- 
lution to  enable  staging  (Stevens,  2006).  In  addition, 
for  image  analysis,  photographs  were  taken  of  up  to 
10  unstained  embryos  at  90°  to  the  sagittal  plane  un- 
der a stereomicroscope.  These  images  were  calibrated 


each  day  with  a micrometer  because  the  scope  had 
an  adjustable  zoom  and  this  calibration  ensured  that 
measurements  were  accurate.  A total  of  1241  embryos 
were  measured.  On  a number  of  occasions,  the  cali- 
bration procedure  was  not  followed,  and  we  did  not 
perform  image  analysis  on  the  photographs,  although 
stage  data  were  still  collected  and  used.  Measure- 
ments were  made  with  Image-Pro  Plus1,  vers.  7.0  (Me- 
dia Cybernetics  Inc.,  Rockville,  MD). 

In  this  study,  the  term  egg  refers  to  the  entire  em- 
bryo (i.e.,  the  entire  contents  of  the  fertilized  egg),  the 
term  embryo  refers  to  the  differentiated  part  of  the  egg 
as  distinct  from  the  yolk,  and  the  term  yolk  refers  to 
the  undifferentiated  deutoplasm.  For  each  egg,  the  area 
and  the  mean,  minimum,  and  maximum  diameter  were 
measured.  The  mean,  minimum,  and  maximum  diam- 
eters were  determined  from  180  measurements  of  the 
diameter  at  2°-intervals  around  the  entire  egg.  When 
the  embryo  became  visible,  the  yolk  area  also  was  mea- 
sured by  tracing  the  yolk  in  Image-Pro  Plus,  and  the 
percentage  of  egg  area  that  was  yolk  (hereafter  percent 
area  of  yolk,  calculated  as  yolk  areax  100/egg  area;  be- 
fore the  embryo  becomes  visible,  the  yolk  area  equals 
the  egg  area)  and  the  embryo  area  (calculated  as  egg 
area  - yolk  area)  were  determined.  Finally,  when  the 
eyes  became  visible,  the  eye  area  and  the  mean,  mini- 
mum, and  maximum  diameter  were  measured  with 
same  techniques  as  above.  All  measurements  were 
made  at  90°  to  the  sagittal  plane. 

Stages  were  described  by  visual  examination  of  the 
eggs  as  well  as  on  the  basis  of  the  changes  observed  in 
the  measured  parameters,  and  these  descriptions  were 
based,  in  part,  on  staging  systems  previously  developed 
for  embryos  of  the  blue  king  crab  (Stevens,  2006)  and 
snow  crab  ( Chionoecetes  opilio ) (Moriyasu  and  Lan- 
teigne,  1998).  The  median  stage  of  development  (see  the 
Results  section  for  descriptions)  was  determined  for  each 
female  on  each  sampling  day.  The  data  for  developmental 
stages  were  fitted  to  a model  of  multiple-transitions  be- 
tween stages  (MT  model,  Long,  2016).  In  brief,  each  stage 
transition  was  modeled  as  a logistic  regression: 


.*50  , 


where  t = the  time  in  days; 

£50  = the  time  at  which  half  of  the  embryos  have 
transitioned  to  the  next  stage;  and 
s = a parameter  that  is  proportional  to  the  slope 
at  the  transition. 

The  data  were  fitted  by  using  maximum  like-lihood  in 
R,  vers.  2.14.0  (R  Development  Core  Team.,  2011). 

Morphometric  analysis  was  used  to  visualize  differ- 
ences among  the  developmental  stages  and  to  examine 
whether  embryo  measurements  can  be  used  to  distin- 


1 Mention  of  trade  names  or  commercial  companies  is  for  iden- 
tification purposes  only  and  does  not  imply  endorsement  by 
the  National  Marine  Fisheries  Service,  NOAA. 
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guish  the  different  stages.  To  visualize  stage  differences, 
the  morphometric  data  were  normalized  and  then  ana- 
lyzed with  principal  component  analysis  (PCA).  To  deter- 
mine whether  morphometric  measurements  would  allow 
us  to  distinguish  the  stages,  the  data  were  fourth-root 
transformed  and  an  analysis  of  similarity  (ANOSIM) 
was  performed  on  a Bray-Curtis  similarity  matrix  with 
female  and  stage  as  factors.  All  morphometric  analyses 
were  performed  in  Primer,  vers.  6.1.15  (PRIMER-E  Ltd., 
Ivybridge,  U.K.;  Clarke  and  Warwick,  2001). 

When  females  approached  time  of  hatching,  they 
were  isolated  in  individual  containers  with  flow- 
through water.  Larvae  released  from  each  female  were 
collected  in  nets  that  were  checked  daily.  The  first  and 
last  day  of  hatching  were  noted. 

Results 

Females  extruded  their  eggs  between  25  September 
2006,  and  6 May  2007,  and  they  began  hatching  be- 
tween 3 December  2007,  and  23  July  2008.  The  mean 
duration  of  brooding  (from  extrusion  to  the  first  day 
of  hatching)  was  437.6  days  (standard  deviation  [SD] 
6.7).  We  identified  13  stages  of  embryo  development 
(12  of  them  are  shown  in  Fig.  1)  by  visual  examination 
of  the  embryos  and  their  morphometric  features.  The 
MT  model  was  an  excellent  fit  to  the  data  for  stage 
transitions  (Fig.  2)  and  provided  estimates  for  the  aver- 
age day  of  transition  (£50)  for  each  stage  (Table  1).  The 
mean  duration  of  stages  was  between  10  and  95  days. 
There  were  some  differences  among  the  females  (Fig. 
2),  as  demonstrated  by  the  increased  SD  in  the  average 
embryo  stage  among  females,  particularly  during  some 
of  the  shorter  stages  (i.e. , stages  3,  4,  and  5)  and  dur- 
ing stages  9,  10,  and  11.  The  following  sections  describe 
the  13  stages  identified. 

Stage  0 (precleavage) 

At  this  stage,  the  eggs  were  newly  extruded  and  firm- 
ly attached  to  the  pleopods;  however,  no  division  had 
yet  occurred.  There  was  no  visible  separation  between 
the  yolk,  which  was  a creamy  yellow,  and  the  egg 
membrane. 

Stage  1 (cleavage  and  blastula) 

This  stage  began  with  the  first  cleavage  to  the  2-cell 
stage;  this  cleavage  occurred  between  days  10  and  11, 
and  development  progressed  rapidly  (Fig.  1A).  By  day 
13,  most  yolks  were  at  the  8-to  16-cell  stage  and  by  day 
15  they  were  at  the  32-to  64-cell  stage.  During  these 
stages  of  early  division,  the  yolk  often  took  on  a lumpy 
shape  and  was  frequently  separated  from  the  egg  mem- 
brane, and  a nucleus  was  visible  in  each  cell  as  a light- 
colored  circle  when  stained  with  Bouin’s  solution.  By 
about  day  50,  the  blastula  formed,  and  individual  cells 
were  no  longer  discernible. 


Stage  2 (gastrula) 

The  beginning  of  this  stage  was  marked  by  the  blasto- 
pore (Fig.  IB)  becoming  visible  in  embryos  stained  with 
Bouin’s  solution.  This  stage  began  on  average  on  day 
60  and  lasted  for  about  32  days  (Table  1). 

Stage  3 (v-shaped  embryo) 

This  stage  began  with  the  appearance  of  the  embryo  as 
a yellow  v-shape  when  it  was  stained  in  Bouin’s  solu- 
tion (Fig.  1C).  This  stage  was  short,  beginning  on  about 
day  91  and  lasting  for  about  24  days  (Table  1). 

Stage  4 (prenauplius) 

During  this  stage,  the  embryos  began  to  rapidly  form 
differentiated  parts.  This  stage  began  when  the  optical 
lobe,  antennules,  antennas,  mandibles,  and  abdomen 
were  visible  as  separate  entities  as  opposed  to  the  un- 
differentiated v-shape  of  the  previous  stage  in  embryos 
stained  with  Bouin’s  solution  (Fig.  ID).  The  individual 
parts  were  still  somewhat  indistinct  and  widely  sepa- 
rated from  each  other;  in  particular,  the  abdomen  was 
well-separated  from  the  optical  lobe,  mandibles,  and 
antennas.  This  stage  lasted  for  approximately  27  days, 
starting  on  day  115  (Table  1). 

Stage  5 (nauplius) 

This  stage  was  brief,  starting  at  around  day  142  and 
lasting  only  about  18  days  (Table  1).  During  this  stage, 
the  optical  lobes,  antennules,  antennas,  mandibles,  and 
abdomen  were  more  distinct,  and  they  lengthened  and 
coalesced  so  that  the  abdomen  was  situated  between 
the  antennas  and  mandibles  and  immediately  below 
the  optical  lobes  (Fig.  IE). 

Stage  6 (maxilliped  formation) 

This  stage  was  another  brief  one,  starting  at  around 
day  160  and  lasting  only  about  15  days  (Table  1).  It 
began  when  the  maxillipeds  became  distinct  from  the 
mandibles.  During  this  stage,  the  abdomen  became 
more  elongate  (Fig.  IF).  Before  this  stage,  there  were 
almost  no  changes  in  the  morphological  features  of  the 
eggs;  the  egg  size  and  dimensions  remained  constant, 
and  the  embryo  was  not  visible  in  unstained  embryos 
(Fig.  3).  But,  during  this  stage,  the  embryo  became  vis- 
ible in  unstained  embryos,  and  size  and  percent  area  of 
yolk  began  to  decrease  (Fig.  4). 

Stage  7 (metanauplius) 

The  metanauplius  stage  began  when  the  abdomen 
was  fully  bifurcated  and  the  carapace  became  visible. 
This  stage  was  characterized  by  the  lengthening  of 
the  antennules,  antennas,  mandibles,  and  maxillipeds 
(Fig.  1G).  Late  in  this  stage,  the  telson  became  visible. 
Growth  of  the  embryo  and  reduction  in  the  yolk  hap- 
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Figure  1 

Photographs  of  golden  king  crab  ( Lithodes  aequispinus)  embryos  taken  throughout  development.  Sections  A-L 
show  embryo  stages  1-12,  respectively;  stage  0 is  not  provided.  In  sections  B-G,  photographs  are  of  stained 
embryos.  Light  levels  and  colors  in  photographs  have  been  adjusted  to  make  the  pertinent  details  clear.  Key 
morphological  features  used  to  identify  stages  are  labeled:  blastopore  (b),  optical  lobe  (o),  antennule  (anl),  an- 
tenna (an2),  abdomen  (ab),  mandible  (md),  maxilliped  (mp),  carapace  (ca),  and  chromatophores  (c).  In  section 
G,  the  arrow  indicates  bifurcated  abdomen.  In  panel  J,  the  arrow  indicates  partially  bifurcated  yolk.  In  section 
K,  the  arrow  indicates  a fully  bifurcated  yolk. 


pened  at  a very  slow  rate  (Figs.  3 and  4).  This  stage 
started  at  around  day  175  and  lasted  38  days. 

Stage  8 (eye  formation) 

The  beginning  of  this  stage,  which  began  on  day  213, 
was  marked  by  the  eyes  of  the  embryo  becoming  vis- 
ible as  thin,  pigmented  crescents  in  unstained  embryos 


(Fig.  1H).  During  this  stage,  the  size  of  the  eyes  rapidly 
increased — the  width  (minimum  diameter)  increasing 
faster  than  the  length  (maximum  diameter) — so  that  the 
shape  gradually  became  a fuller  crescent  shape  (Fig.  5). 
Although  embryo  growth  was  faster  in  this  stage  than  in 
stage  7,  it  was  still  relatively  slow  (Fig.  3).  The  telson  be- 
came distinct  and  developed  setae  in  embryos  as  evident 
in  embryos  stained  with  Bouin’s  solution.  This  stage 
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Figure  2 

Average  (among  females)  developmental  stage  of  gold- 
en king  crab  ( Lithodes  aequispinus)  embryos  plotted 
against  days  from  extrusion,  for  each  10-day  increment 
of  embryo  development.  The  line  represents  the  best 
fitting  multiple-stage  transition  model.  Error  bars  indi- 
cate ±1  standard  deviation  of  the  mean.  See  Table  1 for 
parameter  estimates.  r2=coeficcient  of  determination. 


marked  the  midpoint  in  embryo  development,  beginning 
on  day  213  and  lasting  for  about  33  days  (Table  1). 

Stage  9 (chromatophore  formation) 

The  beginning  of  this  stage  was  marked  by  chro- 
matophores  becoming  visible  in  unstained  embryos 
(Fig.  II).  Chromatophores  increased  in  size  and  num- 


ber throughout  this  stage.  Growth  of  the  embryo  and 
shrinking  of  the  yolk  accelerated  from  the  previous 
stage  (Figs.  3 and  4).  The  eyes  grew  rapidly,  both  in 
length  and  width.  Because  width  increased  much  faster 
than  length,  the  eyes  progressed  from  a crescent  shape 
to  a nearly  spherical  one  (Fig.  5B).  From  this  stage  on- 
ward in  development,  egg  area  began  to  increase  as 
well  (Fig.  3),  although  during  this  stage  the  increase 
was  slight.  The  yolk  became  separated  into  2 halves 
when  the  egg  was  viewed  dorsally.  This  stage  began  on 
day  246  and  lasted  for  54  days. 

Stage  10  (rapid  growth) 

This  stage,  which  lasted  about  41  days  and  began  on 
day  300  (Table  1),  was  marked  by  a rapid  increase  in 
the  size  of  the  egg,  embryo,  and  eyes,  and  a slight  de- 
crease in  the  yolk  area  and  percent  area  of  yolk  (Figs. 
3,  4,  and  5).  The  shape  of  the  eye  did  not  change  dur- 
ing this  period  and  remained  nearly  spherical  (Fig.  5B). 
When  viewed  on  the  sagittal  plane,  the  yolk  developed 
a partial  anterior-posterior  bifurcation  (Fig.  1J).  We 
marked  the  beginning  of  this  stage  with  the  beginning 
of  this  bifurcation  and  marked  the  completion  of  this 
stage  with  the  completion  of  this  bifurcation. 

Stage  1 1 (prehatching) 

At  the  beginning  of  this  stage,  the  yolk  was  completely 
bifurcated  (Fig.  IK).  Growth  of  the  eye  and  embryo 
were  at  their  maximum  rates  during  this  stage  (Figs. 
3 and  5).  Yolk  area  and  percent  area  of  yolk  dropped 
rapidly,  with  the  percent  area  of  yolk  dropping  from 
70%  to  less  than  50%  (Fig.  4).  The  eyes  continued  to 
lengthen  and  increase  in  area,  but  the  width  did  not 


Table  1 

Timing  and  duration  of  each  stage  of  embryo  development  of  golden  king  crab  (Lithodes  aequispinus). 
Mean  values,  with  standard  errors  in  parentheses,  are  provided  for  t$ o (the  time  in  days  at  which  50% 
of  the  embryos  transitioned  to  a given  stage),  and  for  s,  a slope  parameter  for  the  transition  to  the  next 
stage.  Length  is  the  average  length  (in  days)  of  each  stage,  and  -s/t^q  is  a measure  of  the  rapidity  of 
the  transition  to  the  next  stage. 

Stage 

Description 

^50  (d) 

Length  (d) 

s 

-s/t50 

0 

Precleavage 

_ 

10.00 

-509.76  (SE  1660.70) 

50.98 

1 

Cleavage  and  blastula 

10.00  (SE  0.03) 

49.47 

-22.76  (SE  0.37) 

0.38 

2 

Gastrula 

59.47  (SE  0.20) 

32.02 

-278.22  (SE  71.06) 

3.04 

3 

V-shaped  embryo 

91.49  (SE  0.16) 

23.53 

-31.24  (SE  3.74) 

0.27 

4 

Prenauplius 

115.02  (SE  1.35) 

27.18 

-42.08  (SE  2.39) 

0.30 

5 

Nauplius 

142.20  (SE  0.73) 

17.75 

-577.71  (SE  233.35) 

3.61 

6 

Maxilliped  formation 

159.95  (SE  0.80) 

14.58 

2006.63  (SE  8853.47) 

11.50 

7 

Metanauplius 

174.53  (SE  6.47) 

38.18 

-314.76  (SE  27.35) 

1.48 

8 

Eye  formation 

212.71  (SE  0.19) 

33.32 

-420.90  (SE  67.60) 

1.71 

9 

Chromatophore  formation 

246.03  (SE  0.25) 

53.79 

-65.52  (SE  0.37) 

0.22 

10 

Rapid  growth 

299.82  (SE  0.39) 

40.96 

-99.09  (SE  0.05) 

0.29 

11 

Prehatching 

340.78  (SE  0.29) 

95.25 

1266.33  (SE  36.33) 

2.90 

12 

Hatching 

436.03  (SE  0.08) 

25.67 

— 

— 

72 


Fishery  Bulletin  1 14(1) 


Figure  3 

Average  (A)  egg  area,  (B)  egg  diameter,  and  (C)  embryo 
area  for  all  embryos  measured  during  each  20-day  in- 
crement throughout  larval  development  of  golden  king 
crab  (Lithodes  aequispinus).  Error  bars  indicate  ±1 
standard  deviation  of  the  mean. 


change,  and,  as  a result,  the  eye  became  more  oblong  in 
shape  (Figs.  IK  and  5B).  Additionally,  development  of 
the  ommatidia  gave  the  eye  a visibly  granular  texture 
and  caused  a halo  effect  around  the  eye.  This  stage, 
beginning  on  day  340,  was  the  longest  one,  lasting  95 
days  on  average  (Table  1).  The  end  of  this  stage  was 
marked  by  the  beginning  of  hatching. 


Time  (days) 

Figure  4 

Average  (A)  yolk  area  and  (B)  percent  area  of  yolk  for 
all  embryos  measured  during  each  20-day  increment 
throughout  embryo  development  of  golden  king  crab 
(Lithodes  aequispinus) . Error  bars  indicate  ±1  standard 
deviation  of  the  mean. 


Stage  12  (hatching) 

During  hatching,  embryos  reached  their  maximum  size, 
and  the  yolks  reached  their  minimum,  at  about  40%  of 
the  total  area  of  the  egg  (Figs.  1L,  3,  and  4).  The  ante- 
rior and  posterior  sections  of  the  yolk  became  differenti- 
ated from  each  other,  with  the  posterior  becoming  more 
globular  and  less  distinct  (Fig.  1L).  Hatching  began  on 
about  day  436,  and  the  last  day  of  hatching  occurred  on 
average  at  464  days  (SD  8.6),  and  the  average  duration 
of  hatching  was  25.7  days  (SD  6.1)  (Table  1). 

Morphometric  analysis 

The  first  2 principal  components  (PCs)  of  the  PCA 
explained  83.3%  and  9.5%  of  the  variance  in  embryo 
morphometries  of  golden  king  crab  and  were  retained 
(Table  2).  The  first  PC  was  positively  correlated  with 
yolk  size,  negatively  correlated  with  embryo,  eye,  and 
egg  size,  and  was  interpreted  as  embryo  maturity,  and 
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Figure  5 

Average  (A)  eye  area  and  (B)  maximum  and  minimum  eye  di- 
ameters for  all  embryos  measured  during  each  20-day  incre- 
ment during  embryo  development  of  golden  king  crab  ( Lithodes 
aequispinus) . In  section  B,  the  line  without  points  represents 
the  ratio  between  the  maximum  and  minimum  eye  diameters 
as  an  indicator  of  eye  shape.  Error  bars  indicate  ±1  standard 
deviation  of  the  mean. 


smaller  numbers  corresponded  to  more  mature  embryos 
(Table  2,  Fig.  6).  The  second  PC  was  negatively  correlat- 
ed with  egg  size  and  yolk  area  and  explained  variation 
in  egg  sizes  within  a given  stage  (Table  2,  Fig.  6).  There 
were  significant  differences  in  embryo  morphometries 
among  females  (ANOSIM:  global  _R=0.229,  PcO.OOl)  and 
stages  (ANOSIM:  global  P=0.730,  PcO.OOl).  Although  it 
is  significant,  the  low  value  for  the  global  R statistic 
indicates  that,  although  there  were  statistical  differ- 
ences among  the  females  the  differences  were  prob- 
ably negligible  (Clarke  and  Warwick,  2001).  Ordination 
by  both  PCA  and  nonmetric  multidimensional  scaling 
confirmed  this  conclusion.  Pairwise  comparisons  of  the 
stages  showed  that,  in  general,  stages  0-5  could  not  be 
distinguished  from  each  other  (i.e.,  P>  0.050  or  global 
P<0.200  and  usually  both)  and  that  stages  6-12  each 
differed  significantly  from  all  other  stages  (in  all  cases 
PcO.OOl  and  global  P>0.300).  These  results  confirmed 
the  results  from  PCA  (see  the  PCA  plot,  Fig.  6). 


Discussion 

Embryo  development  in  golden  king  crab  exam- 
ined in  this  study  was  similar  to  that  reported 
in  other  studies  for  the  red  king  crab  (Nakani- 
shi,  1987),  blue  king  crab  (Stevens,  2006),  and 
snow  crab  (Moriyasu  and  Lanteigne,  1998).  Most 
of  the  stages  described  in  our  study  match  close- 
ly stages  identified  in  those  other  studies.  This 
similarity  is  not  surprising,  especially  for  the 
similarities  noted  among  the  3 closely  related 
species  of  king  crabs.  Despite  the  general  simi- 
larity, there  were  some  aspects  of  embryogenesis 
in  golden  king  crab  that  were  distinct,  such  as 
the  lack  of  a diapause  and  the  rate  of  decrease 
in  yolk  area. 

Blue  king  crab  undergo  a diapause  stage  that 
lasts  for  approximately  2 months  (Stevens,  2006) 
between  the  stages  of  chromatophore  formation 
and  eye  enlargement  (approximately  equivalent 
to  our  stages  9 and  10).  Snow  crab  undergo  a 
6-month  diapause  once  they  reach  the  gastrula 
stage  and  a second  diapause  of  3-4  months  after 
the  eye  pigment  formation  stage  (approximately 
equivalent  to  our  stage  8)  in  the  field  (Moriyasu 
and  Lanteigne,  1998).  Tanner  crab  ( Chionoecetes 
bairdi)  also  undergo  a diapause  of  3-6  months 
after  the  gastrula  stage  (Swiney,  2008).  In  snow 
crab,  the  diapauses  seem  to  be  the  mechanism 
for  switching  between  a 1-year  and  2-year  brood- 
ing period  (Moriyasu  and  Lanteigne,  1998;  Webb 
et  ah,  2007),  and,  in  both  snow  crab  and  Tan- 
ner crab,  the  purpose  of  varying  the  duration  of 
embryonic  development  is  likely  to  ensure  that 
larval  release  coincides  with  the  spring  plank- 
tonic bloom  (Swiney,  2008).  It  is  probable  that 
the  golden  king  crab  lacks  a diapause  stage  be- 
cause its  larval  development  is  lecithotrophic. 
Lecithotrophic  larvae  do  not  need  to  feed,  and 
golden  king  crab  larvae  do  not  appear  to  feed  at 
all  (Shirley  and  Zhou,  1997);  therefore,  there  is 
no  need  to  synchronize  the  release  of  larvae  with  food 
availability  and,  thus,  there  is  no  advantage  to  having 
a diapause  stage.  This  interpretation  matches  with  the 
observation  of  an  asynchronous  reproductive  cycle  for 
this  species  (Somerton  and  Otto,  1986). 

Another  major,  and  expected,  difference  in  golden 
king  crab  embryogenesis,  compared  with  that  of  other 
crab  species,  is  the  rate  at  which  the  yolk  area  de- 
creases, and  the  amount  of  yolk  remaining  at  hatching. 
The  percent  area  of  yolk  decreases  at  a much  faster 
rate  in  blue  king  crab  than  it  does  in  golden  king  crab, 
and  at  the  beginning  of  hatching  blue  king  crab  have 
only  about  13%  area  of  yolk  (Stevens,  2006).  Snow  crab 
embryos  have,  at  most,  a trace  of  yolk  left  at  hatch- 
ing (Moriyasu  and  Lanteigne,  1998),  as  do  Tanner  crab 
(Swiney  et  al.,  in  press).  In  this  study,  golden  king  crab 
had  more  than  40%  area  of  yolk  remaining  at  hatching. 
Again,  however,  this  difference  is  driven  by  the  require- 
ments of  lecithotrophic  larval  development;  the  larvae 
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Table  2 

Results  of  a principal  component  analysis  of  embryo 

morphometries  of  golden  king  crab  (Lithodes  aequispi- 

nus ).  Percent  variation  and  cumulative  variation  repre- 

sent  the  percentage  of  variance  in  the  data  explained 

by  each  principal  component  (PC)  and  the  cumulative 

variance  explained.  Max= 

maximum;  min: 

^minimum. 

Cumulative 

PC  Eigenvalues 

Variation  (%) 

variation  (%) 

1 9.160 

83.3 

83.3 

2 1.040 

9.5 

92.8 

3 0.521 

4.7 

97.5 

4 0.216 

2.0 

99.5 

5 0.024 

0.2 

99.7 

6 0.018 

0.2 

99.8 

7 0.015 

0.1 

100 

8 0.003 

0 

100 

9 0.000 

0 

100 

10  0.000 

0 

100 

11  0.000 

0 

100 

Eigenvectors 

Measurement 

PCI 

PC  2 

Egg  area 

-0.301 

-0.385 

Egg  max  diameter 

-0.217 

-0.614 

Egg  min  diameter 

-0.278 

-0.098 

Egg  mean  diameter 

-0.301 

-0.377 

Embryo  area 

-0.324 

0.072 

Yolk  area 

0.277 

-0.449 

Percent  area  of  yolk 

0.324 

-0.122 

Eye  area 

-0.324 

0.124 

Eye  max  diameter 

-0.321 

0.154 

Eye  min  diameter 

-0.314 

0.182 

Eye  mean  diameter 

-0.319 

0.172 

need  a greater  energy  reserve  at  hatching  than  the  en- 
ergy reserve  of  feeding  larvae  to  ensure  that  they  can 
develop  to  the  first  crab  stage. 

The  developmental  time  between  extrusion  and 
hatching  (brooding  time)  and  the  duration  of  hatch- 
ing in  this  study  both  differ  from  previous  reported 
values.  Paul  and  Paul  (2001)  reported  an  average 
brooding  time  of  362  days  (2269  degree-days  [num- 
ber of  days  multiplied  by  the  average  temperature  in 
degrees  Celsius])  and  an  average  hatching  duration 
of  34  days  (202  degree-days),  whereas  we  observed 
an  average  brooding  time  of  436  days  (-1526  degree- 
days)  and  an  average  hatch  duration  of  26  days  (-91 
degree-days). 

This  dissimilarity  between  studies  may  have  re- 
sulted from  the  crabs  in  each  study  having  come  from 
different  locations:  Prince  William  Sound  (Paul  and 
Paul,  2001)  and  the  Aleutian  Islands  (in  this  study). 
However,  it  is  more  likely  due  to  the  differences  in 
holding  temperatures.  Paul  and  Paul  (2001)  held  crab 
at  the  ambient  temperatures  found  at  a depth  of  75 


m in  Prince  William  Sound,  3.5-9.5°C,  a range  1-4°C 
higher  than  the  range  of  temperatures  of  the  deeper 
waters  in  Prince  William  Sound  where  the  golden  king 
crab  occur.  We  held  the  crab  at  a constant  tempera- 
ture between  3°C  and  4°C — a range  that  is  probably 
more  reflective  of  their  natural  environment.  Along 
the  Aleutian  Islands,  most  mature  females  are  distrib- 
uted at  depths  between  about  300  and  500  m (Blau 
et  al.,  1996)  where  temperatures  vary  from  about  3.5 
to  4.5  throughout  the  year  (Stabeno  et  al.,  2005).  The 
increase  in  the  number  of  degree-days  necessary  for 
development  with  increasing  temperature  also  occurs 
in  the  blue  king  crab  (Stevens  et  al.,  2008)  and  snow 
crab  (Webb  et  al.,  2007). 

Morphometric  analysis  of  golden  king  crab  embry- 
os failed  to  provide  a quantitative  method  for  staging 
larvae.  Stevens  (2006)  successfully  used  multivariate 
statistical  techniques  to  identify  stages  in  blue  king 
crab  and  indicated  that  analyses  could  be  used  to  bet- 
ter compare  embryogenesis  over  a diverse  range  of 
crustacean  species.  Using  similar  techniques,  we  were 
not  able  to  distinguish  among  the  first  5 stages,  which 
represent  about  160  days  or  a third  of  the  develop- 
mental time  for  embryos.  These  stages  are  difficult  to 
distinguish  morphometrically  because  the  embryo  and 
eyes  are  not  yet  measurable.  This  technique  worked  for 
the  blue  king  crab  because  eggs  decreased  steadily  in 
size  during  these  stages  (Stevens,  2006),  but  it  cannot 
work  for  the  golden  king  crab  because  the  egg  size  in 
this  species  remained  constant  for  about  the  first  250 
days  of  development  in  our  study.  On  the  other  hand, 
the  MT  model  (Long,  2016)  provided  an  excellent  fit  to 
the  data  for  stage  transitions,  explaining  99%  of  the 
variation  in  the  data.  These  data  provide  quantitative 
estimates  of  the  average  duration  of  each  embryonic 
stage  and  will  serve  as  a baseline  for  studies  of  embryo 
development  in  the  golden  king  crab. 

Climate  change,  that  is,  changes  in  temperature 
(Webb  et  al.,  2007;  Stevens  et  al.,  2008),  and  ocean 
acidification  (Long  et  al.,  2013a;  Long  et  al.,  2013b) 
can  have  substantial  effects  on  the  early  life  histories 
of  cold-water  crabs.  This  study  provides  a baseline  for 
future  studies  that  examine  either  variability  in  em- 
bryo development  times  among  different  populations 
of  the  golden  king  crab  or  the  effect  of  environmental 
variables  on  embryo  development.  Future  studies  on 
the  reproductive  biology  of  the  golden  king  crab  should 
determine  whether  primiparous  and  multiparous  crabs 
differ  in  their  reproductive  cycles  (e.g.,  Moriyasu  and 
Lanteigne,  1998;  Swiney,  2008;  Swiney  and  Long,  2015) 
and  what  drives  the  high  variability  in  the  time  be- 
tween the  end  of  hatching  and  the  time  of  mating  in 
the  golden  king  crab  (Paul  and  Paul,  2001). 
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Figure  6 

Plot  of  principal  component  analysis  (PCA)  of  morphometries  of  golden  king  crab  ( Lithodes 
aequispinus)  embryos  during  13  stages  of  development.  Each  point  represents  a single  embryo. 
The  first  2 PCs  (plotted  here  ) accounted  for  93%  of  the  variance  in  the  data.  Vectors  are  shown 
for  egg,  embryo,  yolk,  and  eye  areas. 
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Abstract— The  wreckfish  ( Polyprion 
americanus),  a commercially  impor- 
tant, long-lived,  demersal  fish,  is 
found  in  the  eastern  Atlantic  from 
Norway  to  South  Africa  and  in  the 
western  Atlantic  from  the  Grand 
Banks,  Newfoundland,  to  Argentina. 
Using  bomb  radiocarbon  analysis, 
we  validated  the  annual  increment 
formation  observed  in  otoliths  and 
determined  that  increment  counts 
are  a good  proxy  for  age.  The  maxi- 
mum observed  age  was  80  years, 
more  than  double  the  previously 
reported  maximum  age  of  39  years 
in  the  North  Atlantic  population. 
The  updated  fit  of  the  length-at-age 
information  to  the  von  Bertalanffy 
growth  model  resulted  in  L k,  and 
to  estimates  of  1026  mm  in  fork 
length,  0.124/year,  and  -4.96  years, 
respectively.  We  used  these  updated 
values  for  maximum  age  and  growth 
parameters  to  estimate  rates  of  in- 
stantaneous and  age-varying  natural 
mortality,  and  found  that  instanta- 
neous natural  mortality  ranged  from 
0.088  to  0.091  and  age-varying  natu- 
ral mortality  reached  an  asymptote 
of  0.07-0.12  by  15  years  of  age.  This 
study  highlights  the  need  for  age 
validation  in  long-lived  fish  species 
to  prevent  inaccurate  estimates  of 
age  that  ultimately  can  lead  to  mis- 
management of  a species 
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Deepwater  fishes  (depths  >400  m) 
are  becoming  increasingly  important 
to  commercial  fisheries  (Clarke  et  al., 
2003).  Unfortunately,  the  general  lon- 
gevity— some  species  such  as  orange 
roughy  ( Hoplostethus  atlanticus)  live 
up  to  150  years — and  slow  matura- 
tion rates  of  many  deepwater  fishes 
make  them  highly  susceptible  to 
overfishing  and  slow  to  recover  from 
an  overfished  state  (Clark,  2001;  Rob- 
erts, 2002;  Clarke  et  al.,  2003).  An 
additional  issue  is  that  deepwater 
fish  species  are  difficult  to  age  (Fen- 
ton et  al.,  1991,  Friess  and  Sedberry, 
2011;).  Accurate  aging  is  critical  for 
the  estimation  of  several  life  history 
parameters,  such  as  growth,  mortal- 
ity, and  stock  productivity,  and  is  es- 
sential for  any  age-structured  model 
of  population  dynamics. 

One  deepwater  species  whose  age 
estimates  are  subject  to  aging  error 
is  the  wreckfish  ( Polyprion  ameri- 
canus). This  grouper-like,  commer- 
cially important,  long-lived,  demersal 
fish  is  found  in  the  eastern  Atlantic 
from  Norway  to  South  Africa  and  in 
the  western  Atlantic  from  the  Grand 
Banks,  Newfoundland,  to  Argentina, 
although  it  is  noticeably  absent  from 
tropical  latitudes— an  absence  that 
indicates  an  antitropical  distribu- 


tion for  this  species  (Sedberry  et  al., 
1999).  Using  microsatellite  genetic 
markers,  Ball  et  al.  (2000)  deter- 
mined that  North  Atlantic  and  South 
Atlantic  populations  are  genetically 
distinct.  Our  study  focused  on  the 
North  Atlantic,  and  unless  otherwise 
specified,  wreckfish  hereafter  refers 
to  the  stock  in  the  North  Atlantic. 
Adult  wreckfish  are  found  concen- 
trated around  steep,  rocky  bottoms 
and  deep  coral  reefs,  occurring  in 
lower  concentrations  along  flat  hard 
bottom,  from  depths  of  40  to  800  m; 
however,  most  wreckfish  occur  in 
waters  deeper  than  300  m,  and  at  a 
maximum  reported  depth  of  1000  m 
(Sedberry  et  al.,  1999).  They  grow  to 
a size  of  2 m and  can  approach  50  kg 
in  weight  (Sedberry  et  al.,  1999). 

Until  the  mid-1980s,  when  crews 
aboard  pelagic  longliners  acciden- 
tally “discovered”  the  resource  along 
the  Charleston  Bump,  an  area  off  the 
coast  of  South  Carolina  (Sedberry  et 
al.,  1999),  wreckfish  were  unexploited 
commercially  in  the  western  North 
Atlantic.  The  fishery  for  this  species 
developed  rapidly,  and  the  majority 
of  effort  was  focused  on  or  around 
the  Charleston  Bump,  where  land- 
ings peaked  at  4.2  million  lb  whole 
weight  (ww)  in  1989  (Vaughan  et  al., 
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2001).  The  rapid  expansion  of  the  fishery  for  wreck- 
fish,  along  with  growing  concern  among  fishermen  and 
managers  about  the  sustainability  of  this  fishery,  re- 
sulted in  the  establishment  of  an  “individual  transfer- 
able quota  system”  for  wreckfish  in  1990  by  the  South 
Atlantic  Fishery  Management  Council  (SAFMC),  and 
several  subsequent  management  changes  have  been 
implemented  since  then.  Currently  the  total  allowable 
catch  is  set  at  235,000  lb  ww,  and  the  fishery  for  wreck- 
fish  was  estimated  to  be  worth  $700,000  in  2012. 

Despite  the  widespread  distribution  and  commer- 
cial importance  of  wreckfish,  there  have  been  only  2 
publications  in  which  the  age  of  this  species  has  been 
documented  and  its  associated  life  history  traits  have 
been  described:  one  on  the  North  Atlantic  population 
(Vaughan  et  al.,  2001)  and  another  on  the  South  At- 
lantic population  (Peres  and  Haimovici,  2004).  These  2 
studies  differed  widely  in  their  estimate  of  maximum 
age  for  wreckfish;  Vaughan  et  al.  (2001)  suggested 
a maximum  age  of  39  years  and  Peres  and  Haimovici 
(2004)  suggested  maximum  ages  for  males  and  females 
of  62  and  76  years,  respectively.  Unfortunately,  neither 
study  included  attempts  to  validate  age  estimates  de- 
spite the  suggestion  in  other  literature  that  maximum 
age  differences  of  this  magnitude  between  populations 
of  the  same  species  are  unlikely  (Collins  et  ah,  1987; 
Begg  and  Sellin,  1998).  A related  species,  hapuku  ( Poly - 
prion  oxygeneios),  reaches  ages  in  excess  of  60  years  in 
the  South  Pacific  (Francis  et  al.,  1999).  Another  obser- 
vation that  indicates  potential  underaging  of  wreckfish 
is  the  lack  of  decoupling  of  size  at  age  in  the  von  Ber- 
talanffy  growth  model  (VBGM)  presented  by  Vaughan 
et  al.  (2001);  this  decoupling  is  often  characteristic  of 
long-lived  fish  species  (Coulson  et  al.,  2009;  Friess  and 
Sedberry,  2011). 

Using  bomb  radiocarbon  analysis,  we  validated  age 
estimates  for  wreckfish  caught  in  the  North  Atlantic,  in 
particular  for  fish  captured  in  the  area  of  the  Charles- 
ton Bump.  We  presumed  that  wreckfish  attain  a much 
higher  maximum  age  than  has  been  reported  previous- 
ly for  the  North  Atlantic  population.  We  then  recalcu- 
lated various  life  history  parameters,  including  length 
at  age,  growth,  and  natural  mortality  on  the  basis  of 
the  validated  age  estimates. 

Materials  and  methods 

Collection  of  samples 

Personnel  from  the  National  Marine  Fisheries  Service 
and  South  Carolina  Department  of  Natural  Resources 
collected  otoliths  from  commercially  landed  wreckfish 
from  1991  through  2011  at  ports  in  South  Carolina, 
Florida,  and  North  Carolina.  Data  recorded  for  most 
fish  included  fork  length  (FL,  in  millimeters),  although, 
on  some  fish,  measures  of  standard  length  (SL,  in  milli- 
meters) and  total  length  (TL,  in  millimeters)  also  were 
taken.  We  developed  a FL-TL  meristic  conversion  to 
facilitate  the  conversion  to  and  from  different  length 


measurements.  Fishermen  generally  gutted  all  fish  at 
sea  and  kept  them  on  ice  until  landed,  a process  that 
prevented  sex-specific  analyses.  For  aging  purposes, 
port  samplers  removed  at  least  the  left  sagittal  otolith, 
although  removal  of  both  sagittal  otoliths  occurred  in 
some  cases. 

Age  validation 

The  otoliths  that  were  used  for  bomb  radiocarbon 
analysis  were  collected  in  1991  (n=323)  from  wreck- 
fish that  had  at  least  a measurement  of  TL  and  both 
sagittal  otoliths  were  removed.  Vaughan  et  al.  (2001) 
did  not  provide  detailed  information  about  the  tech- 
nique they  used  for  processing  otoliths,  and  we  based 
our  otolith  processing  on  a slightly  modified  protocol 
detailed  in  Peres  and  Haimovici  (2004).  After  an  otolith 
was  embedded  in  a marine  grade  epoxy,  we  cut  a series 
of  transverse  sections  (-0.25-0. 35  mm  thick)  from  the 
left  sagittal  otolith,  ensuring  that  at  least  one  section 
included  the  otolith  core.  Sectioning  was  done  with  an 
IsoMet  Low  Speed  Saw1  (Buehler,  Lake  Bluff,  IL)  with 
a diamond-coated  waffering  blade.  We  mounted  (and 
cleared)  resulting  sections,  typically  2 sections  per 
otolith,  on  glass  slides,  using  Cytoseal  XYL  medium 
(Thermo  Fisher  Scientific  Inc.,  Waltham,  MA). 

Two  readers  independently  examined  otoliths  for 
age  determination,  without  knowledge  of  fish  size,  cap- 
ture date,  or  the  results  of  the  other  reader,  with  an 
Eclipse  55i  compound  microscope  (Nikon,  Tokyo)  under 
transmitted  light  at  magnifications  of  40-100x.  Read- 
ers prioritized  reading  the  section  that  contained  the 
core,  unless  there  was  an  obvious  reason,  such  as  dam- 
age to  the  otolith,  not  to  use  that  section.  Counts  of 
increments  were  determined  by  counting  all  opaque 
growth  increments  along  the  medial  surface  of  the 
transverse  otolith  section  ventral  to  the  sulcus.  Identi- 
fication of  the  first  growth  increment  was  based  on  the 
protocol  of  Peres  and  Haimovici  (2004),  in  which  the 
first  increment  follows  1-3  “false”  rings  and  exhibits  a 
discontinuity,  which  is  a thin  crack-like  structure  run- 
ning between  a translucent  and  opaque  increment. 

After  determining  initial  increment  counts,  we  se- 
lected 20  specimens  for  analysis  of  bomb  radiocarbon 
levels  for  age  validation.  We  selected  for  analysis  those 
specimens  with  a birth  year  between  1950  and  1980, 
as  determined  from  increment  count  and  year  of  cap- 
ture (1991),  and  agreement  between  readers.  If  reader 
disagreement  was  greater  than  1 year,  we  excluded  the 
specimen  from  consideration.  We  embedded  the  right 
sagittal  otolith  of  the  specimen  in  resin  and  obtained  a 
single,  1-mm-thick  transverse  section  through  the  core. 
The  resultant  section  was  washed  with  deionized  water 
and  dried  overnight.  Extraneous  otolith  material  sur- 
rounding the  core  was  removed  with  a Dremel,  model 
732,  rotary  tool  (Robert  Bosch  Tool  Corp.,  Mt.  Prospect, 
IL)  with  a carbide-cutting  wheel. 


1 Mention  of  trade  names  or  commercial  companies  is  for  iden- 
tification purposes  only  and  does  not  imply  endorsement  by 
the  authors  or  the  National  Marine  Fisheries  Service,  NOAA. 
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To  prevent  cross-contamination  between  samples  we 
used  a new  carbide  cutting  wheel  for  each  otolith  and 
removed  the  core  under  a ventilation  system.  We  re- 
moved additional  surface  contaminants  by  rinsing  the 
extracted  otolith  cores  for  two  30-s  intervals  in  deion- 
ized water,  followed  by  an  acid  bath  in  10%  HNO3  for 
30  s,  and  a final  rinse  with  deionized  water. 

After  the  otoliths  had  dried  overnight,  we  measured 
each  otolith  core  to  the  nearest  0.01  mg  to  ensure  that 
enough  material  (>8  mg)  had  been  obtained  for  bomb 
radiocarbon  analysis.  We  did  not  obtain  enough  materi- 
al from  a single  section  for  several  specimens;  for  such 
specimens,  we  removed  and  processed  a second  section 
from  the  same  otolith  using  the  same  technique,  add- 
ing the  additional  material  to  the  original  sample. 

We  shipped  the  resultant  core  samples  in  plastic 
5-mL  vials  to  the  National  Ocean  Sciences  Accelerator 
Mass  Spectrometry  Facility  (NOSAMS)  at  the  Woods 
Hole  Oceanographic  Institution.  Preparation  of  the 
samples  for  bomb  radiocarbon  analysis  followed  the 
protocol  outlined  by  NOSAMS  for  inorganic  carbonate 
materials.  First,  samples  underwent  acid  hydrolysis, 
with  an  H3PO4  solution,  to  form  CO2.  The  evolving 
CO2  was  then  removed  by  using  an  automated  system 
that  included  acidification  and  sparging  with  nitrogen, 
and  the  CO2  was  reduced  with  a catalyst  (Fe  or  Co) 
in  the  presence  of  excess  hydrogen  to  form  graphite. 
The  graphite  was  then  loaded  into  the  accelerator 
mass  spectrometer  for  reading  14C  levels.  Staff  of  the 
NOSAMS  subsequently  compared  the  observed  14C  con- 
centrations for  each  specimen  to  14C  levels  found  in 
19th  century  wood  formed  before  nuclear  testing,  us- 
ing 13C  concentrations  to  correct  for  any  natural  or 
machine-generated  fractionation  effects.  The  resultant 
statistic  (A14C,  in  parts  per  million)  provides  a measure 
of  the  increase  in  14C  due  to  uptake  of  14C  from  nuclear 
bomb  testing  in  the  1950s  through  early  1970s  com- 
pared with  14C  levels  found  in  early  19th  century  wood. 

To  facilitate  comparisons  with  other  studies,  we 
transformed  the  raw  A14C  chronologies  to  proportion  of 
total  bomb  radiocarbon  (%C44 ), 
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C;14  = the  14C  level  of  the  ith  sample;  and 
%C;14  = the  percentage  of  total  bomb  radiocarbon 
of  the  ith  sample. 

We  then  fitted  %C 14  values  to  a logistic  curve, 


%C14  = 


l + e^-BlrtllY,iar/d  ’ 


(2) 


where  a (asymptote),  (3  (inflection  point),  and  X (scaling 
parameter  determining  curve  shape)  are  the  3 para- 
meters of  the  logistic  curve  to  be  estimated  by  non- 
linear regression. 


We  analyzed  the  accuracy  of  our  initial  increment 
counts  as  a proxy  for  age  by  comparing  the  wreckfish 
%C\4  chronology  to  a reference  %C\4  chronology  of  val- 
idated ages  for  haddock  ( Melanogrammus  aeglefinus) 
collected  from  Newfoundland  (Campana,  1997).  We 
used  a variance  ratio  test  to  determine  if  there  was 
any  significant  difference  between  the  2 chronologies. 
We  conducted  all  analyses  using  R,  vers.  3.0.2  (R  Core 
Team,  2012). 

Age  and  growth  analysis 

Because  of  our  desire  to  use  more  recently  caught 
fish,  which  presumably  would  better  represent  recent 
growth  patterns  in  the  population,  we  excluded  all 
specimens  used  in  previous  bomb  radiocarbon  analy- 
sis, instead  randomly  selecting  500  specimens  col- 
lected from  2000  through  2011.  Almost  all  randomly 
selected  fish  measured  between  800  and  1000  mm  FL 
because  of  the  high  availability  of  these  size  classes  in 
the  sample  archive — an  availability  that  is  likely  due 
to  commercial  fishing  practices.  To  improve  growth 
curve  fit,  we  included  all  available  specimens  from 
2000  through  2011  that  were  smaller  than  700  mm 
FL  (n=44)  or  larger  than  1100  mm  FL  (n= 24)  and  that 
were  not  already  randomly  selected  in  the  age  and 
growth  analysis.  Our  intent  with  this  selection  strat- 
egy was  to  reduce  the  sensitivity  of  the  growth  curve 
to  small  sample  sizes  of  younger  and  older  age  class- 
es. Furthermore,  inclusion  of  the  oldest  fish,  under  the 
assumption  that  larger  fish  are  generally  older,  im- 
proves our  probability  of  identifying  the  oldest  fish  in 
the  fishery-dependent  sample  database.  Because  many 
mathematical  estimators  of  natural  mortality  ( M ) 
make  use  of  maximum  age,  proper  identification  of  the 
oldest  fish  in  the  sample  is  vital. 

For  specimens  used  in  the  age  and  growth  analysis, 
we  processed  otoliths  to  the  same  approximate  thick- 
ness (0.25-0.35  mm)  and  mounted  them  as  we  did  for 
the  bomb  radiocarbon  study.  We  used  only  the  left  oto- 
lith for  age  estimates,  and  the  2 readers,  once  again, 
performed  the  readings  blindly  and  independently.  If 
readers  disagreed  on  an  age,  the  otolith  was  aged  con- 
currently to  reach  a consensus  on  age.  If  disagreement 
persisted,  the  otolith  was  excluded  from  this  study. 

We  fitted  the  length-at-age  data  to  the  VBGM, 

Lt  = Loo(l-e“ka“<0)),  (3) 

where  Lt  (in  millimeters)  = length  at  age  t (in  years); 

L0 o (in  millimeters)  = the  asymptotic  length; 

k (1/year)  = the  Brody  growth  coeffi- 
cient; and 

tp  = the  theoretical  age  (in 
years)  at  which  length  is 
0 (von  Bertalanffy,  1938). 

We  fitted  the  VBGM  and  obtained  estimates  of  growth 
model  parameters,  using  a nonlinear  regression  in  R, 
vers.  3.0.2. 
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Figure  1 

Transverse  section  of  a sagittal  otolith,  taken  from  a wreckfish  (Polyprion  americanus ) 
caught  in  the  North  Atlantic  in  2005,  that  shows  the  typical  pattern  of  increment  for- 
mation. Each  black  dot  (opaque  growth  increment)  represents  1 year  of  growth.  The 
fish  from  which  this  otolith  was  removed  was  estimated  to  be  48  years  old. 


Natural  mortality 


We  investigated  4 distinct  M estimators,  2 age-constant 
estimators  from  Then  et  al.  (2015,  eqs.  4 and  5), 


M — 4.899Umax~°  916 ) and 

(4) 

M = (4.118&073)  (L^'033), 

(5) 

and  2 age-varying  M estimators  from  Gislason  et  al. 
(2010,  eq.  6)  and  Charnov  et  al.  (2013,  eq.  7), 

jyj- g(0.55-1.61xLn(Lt)+1.44xLn(L(Xl)+Ln(^))  (g) 


M — 


x k. 


(7) 


Each  of  these  estimators  used  either  estimates  for 
VBGM  parameters  ( k and  L„)  or  maximum  age  Wmax) 
to  predict  M. 


Results 

Examination  of  otoliths  and  growth  increments 

External  examination  of  3 of  the  whole  otoliths  from 
wreckfish  that  were  selected  for  use  in  the  age  and 


growth  analysis  revealed  a misshaped  translucent  oto- 
lith with  white  crystalline  lumps  along  the  external 
surface.  We  sectioned  one  otolith  with  these  character- 
istics to  examine  growth  increment  formation,  only  to 
discover  that  the  otolith  contained  no  distinguishable 
growth  increments.  We  excluded  these  3 specimens 
from  further  analysis. 

Otolith  sections  exhibited  a distinct  opaque  core, 
trapezoid  in  shape,  between  5 and  6 mm  in  length  and 
from  2 to  3 mm  in  height.  Growth  increments  in  trans- 
verse otolith  sections  were  most  visible  along  the  medi- 
al surface  ventral  to  the  sulcus,  although  the  first  few 
increments  were  highly  variable  in  width  and  spacing 
in  any  plane  (Fig.  1).  The  first  4-6  opaque  bands  were 
broad  and  tended  to  widen  or  begin  to  bifurcate  as 
they  extended  to  the  ventral  surface  of  the  section.  Of- 
ten, the  first  4-6  opaque  increments  were  followed  by 
a distinct,  crack-like  structure.  Thereafter,  the  growth 
bands  continued  to  be  broad  and  diffuse  until  an  in- 
crement count  of  10-15,  after  which  the  growth  incre- 
ments became  noticeably  more  compact  and  regularly 
spaced  but  harder  to  discern. 

Earlier,  broader  increments  (<15)  were  read  more 
easily  at  a lower  magnification  (40x)  by  bringing  the 
increments  in  and  out  of  focus  and  allowing  the  reader 
to  focus  on  the  more  distinct  increment  patterns.  The 
later  and  more  compact  opaque  increments  (>  15 ) were 
more  easily  read  at  higher  magnification  (100x),  which 
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Reader  1 counts 


Age  estimate  (yr) 


Figure  2 

Bias  plots  of  increment  counts  made  by  readers  1 and  2:  (A)  for  identification  of  appro- 
priate specimens  for  bomb  radiocarbon  analysis  before  identification  of  strict  increment 
identification  protocols,  and  (C)  for  growth  analyses.  Coefficients  of  variation  (CV)  in  age 
estimates  made  by  (B)  reader  1 and  (D)  reader  2.  Error  bars  in  panels  A and  C represent 
95%  confidence  intervals.  Increment  count-specific  CVs  increased  (y=0.53x+9.86;  coeffi- 
cient of  determination  [r2]=0.12,  P=0.005)  with  increment  number  before  identification  of 
strict  aging  protocols.  For  specimens  analyzed  for  growth  analysis,  CVs  decreased  with 
increment  count  fy=-0.33x+25.47;  r2=0.39,  P<0.001). 


allowed  for  better  resolution  between  tightly  compact- 
ed increments  that  may  have  otherwise  been  grouped 
together.  In  many  of  the  otoliths,  readability  decreased 
at  various  points  along  the  chosen  reading  axis,  forcing 
readers  to  shift  to  a new  reading  axis  by  following  a 
growth  increment  along  a lateral  plane. 

Age  validation 

Although  increment  counts  for  otoliths  of  wreckfish 
were  relatively  difficult  to  determine  because  incre- 
ments could  be  difficult  to  discern,  no  samples  were 
identified  as  unreadable  and  all  specimens  (n=323) 
were  included  for  possible  selection  for  bomb  radiocar- 
bon analysis.  Lengths  of  the  specimens  ranged  from 
880  to  1070  mm  TL.  Initial  estimated  increment  counts 
ranged  from  6 to  66  increments  for  reader  1 and  from 


6 to  60  increments  for  reader  2.  Count  disagreements 
between  readers  ranged  from  0 to  35  increments  (aver- 
age disagreement  of  9 increments).  Readers  produced 
identical  counts  only  4.3%  of  the  time,  were  within  1 
increment  13.3%  of  the  time,  and  were  within  5 in- 
crements 45.7%  of  the  time.  Bias  plots  revealed  that 
reader  2 counted  fewer  increments  than  reader  1 when 
reader  1 counted  greater  than  35  increments,  indicat- 
ing a bias  between  readers  in  fish  of  older  ages  (Fig. 
2A).  At  increment  counts  of  less  than  35  for  reader 
1,  there  was  no  bias  pattern  between  readers.  Coeffi- 
cients of  variation  (CV)  increased  significantly  with  age 
(P=0.005;  Fig.  2B).  The  average  CV  between  readers 
was  27.5% — a result  that  is  likely  due  to  the  lack  of 
validation-based  aging  criteria  at  this  stage. 

The  wreckfish  used  in  bomb  radiocarbon  analysis 
(n=20)  had  increment  counts  ranging  from  11  to  43, 
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labile  1 

Summary  of  results  of  the  bomb  radiocarbon  analysis  of  otoliths  from  wreckfish 
(Polyprion  americanus)  that  were  collected  in  the  North  Atlantic  in  1991.  The  last 
column  provides  the  standard  errors  (SE)  associated  with  the  A14C  (%c)  values.  An 
asterisk  (*)  indicates  that  2 sections  were  used  to  meet  the  weight  requirement  for 
processing  otoliths  with  accelerator  mass  spectrometry. 


Collection 

number 

Number 
of  growth 
increments 

Birth  year 

Weight  (mg) 
of 

otolith  core 

A14C  (%c) 

SE 

910086-18 

43 

1948 

11.5 

-63.36 

2.5 

910076-15 

40 

1951 

13.2 

-14.98 

4.5 

910084-5 

40 

1951 

10.7 

-67.43 

2.2 

910085-14 

40 

1951 

8.5 

-60.97 

2.5 

910084-11 

36 

1955 

11.2 

-60.35 

2.5 

910078-11 

34 

1957 

9.6 

-57.15 

3.5 

910082-32 

29 

1962 

11.3* 

-64.32 

2.5 

910086-2 

27 

1964 

8.9 

-63.87 

2.7 

910083-46 

26 

1965 

12.8 

-18.90 

2.5 

910076-5 

25 

1966 

15.2 

-18.47 

4.8 

910078-17 

23 

1968 

9.6 

20.67 

2.5 

910076-2 

22 

1969 

15.1* 

47.48 

4.4 

910078-28 

22 

1969 

9.4 

98.90 

2.7 

910083-13 

22 

1969 

11.0 

57.52 

2.5 

910079-10 

20 

1971 

12.4 

35.80 

2.5 

910079-16 

18 

1973 

16.7* 

65.90 

3.4 

910079-14 

17 

1974 

12.8* 

72.14 

2.9 

910086-1 

16 

1975 

8.6 

87.13 

2.7 

910085-6 

15 

1976 

9.5 

80.04 

4.4 

910080-19 

11 

1980 

10.1 

90.88 

2.7 

and  birth  years  (based  on  one  increment  formed  per 
year)  ranging  from  1948  to  1980  (Table  1).  The  otolith 
core  weights  ranged  from  8.5  to  16.5  mg;  however,  4 
samples  required  the  use  of  a second  section  to  meet 
the  requirement  for  the  minimum  material  needed  for 
analysis  with  accelerated  mass  spectrometery.  Otolith 
core  values  of  A14C  ranged  from  -7.43%e  in  birth  year 
1951  to  98.90%c  in  birth  year  1969,  well  within  the 
range  of  previously  published  A14C  levels  from  had- 
dock (Campana,  1997).  Levels  of  A14C  in  otolith  cores 
from  wreckfish  showed  a prominent  increase  beginning 
in  the  early  1960s,  peaking  around  1975  and  leveling 
off  thereafter  (Fig.  3A).  There  was  no  evidence  of  the 
expected  decline  in  A14C  levels  after  1975,  possibly  as 
a result  of  the  lack  of  sufficient  samples  past  that  date. 
Wreckfish  with  birth  years  before  1963  exhibited  rela- 
tively constant  low  levels  A14C,  with  the  exception  of 
one  outlier  fish  that  had  an  estimated  birth  year  of 
1951  (A14C=  -14.98%c).  Another  possible  outlier  was  a 
fish  with  a birth  year  of  1969  ( A14C=98.90%e).  Because 
most  samples  exhibited  a good  fit  to  the  logistic  re- 
gression curve,  we  believe  the  outliers  resulted  from  a 
contamination  issue  during  core  removal  rather  than 
from  aging  error. 

The  %14C  uptake  chronology  for  wreckfish  (a=0.87, 
P=1967,  A,=1.31)  exhibits  an  uptake  pattern  similar  in 
shape  to  the  published  %14C  chronology  for  haddock 


(a=0.93,  (3=1962,  A=2.35)  (Campana,  1997;  Fig.  3B). 
However,  the  fitted  logistic  curve  for  %14C  of  wreckfish 
fell  below  the  fitted  logistic  curve  for  %14C  of  haddock 
for  the  entire  time  period  (Fig.  3B),  and  there  was  a 
noticeable  phase  shift  of  5-6  years  between  the  models 
(wreckfish  (5=1967  and  haddock  (1=1962).  The  variance 
ratio  test  confirmed  that  the  curves  were  significantly 
different  (jP<0.001).  Despite  the  small  difference  in 
curves,  which  indicates  potential  underaging,  the  simi- 
larity in  uptake  patterns  between  the  2 curves  indi- 
cates annual  growth  increments. 

Age  and  growth 

After  completion  of  all  otolith  readings  (n=568)  for  age 
and  growth  analysis,  we  omitted  14  otoliths  because  of 
disagreements  between  readers.  Specimens  ranged  in 
size  from  452  to  1340  mm  FL  (Fig.  4.).  Ignoring  the  po- 
tential phase  shift  identified  in  the  bomb  radiocarbon 
validation  study,  ages  of  wreckfish  ranged  from  1 to  80 
years  for  reader  1 and  from  2 to  79  years  for  reader 
2,  with  an  average  disagreement  of  4 years.  Readers 
produced  identical  counts  10.8%  of  the  time,  had  agree- 
ment within  1 year  30.4%  of  the  time,  and  had  agree- 
ment within  5 years  72.7%  of  the  time,  a considerable 
improvement  over  the  bomb  radiocarbon  readings.  This 
improvement  resulted  from  the  development  and  use 
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Figure  3 

(A)  Mean  proportion  of  total  bomb  radiocarbon  (%14C)  of  total  A14C 
by  birth  year  for  otolith  cores  from  wreckfish  ( Polyprion  america- 
nus) collected  in  the  North  Atlantic  in  1991.  We  fitted  a logistical 
regression  model  (solid  line)  to  the  data.  (B)  Mean  %14C  values  for 
wreckfish  from  this  study  and  for  haddock  ( Melanogrammus  aeglefi- 
nus)  from  Campana  (1997).  Symbols  represent  observed  values,  and 
lines  represent  fits  of  the  logistic  model  for  wreckfish  (dotted)  and 
haddock  (solid),  respectively.  In  both  panels,  error  bars  represent 
the  standard  errors  around  the  means. 


of  a strict  aging  protocol  for  these  readings,  a protocol 
that  had  not  been  put  in  place  before  the  bomb  radio- 
carbon readings. 

After  completion  of  the  consensus  readings,  age  es- 
timates ranged  from  1 to  80  years.  There  was  no  clear 
pattern  of  bias  between  readers  in  age  estimates  (Fig. 
2C).  The  CV  decreased  with  increasing  age,  and  the 
average  CV  for  age  estimates  was  17.4%  (PcO.OOl; 
Fig.  2D).  The  highest  CV  value  of  75.4%  occurred  for 
fish  aged  as  1 year  old  by  reader  1.  When  we  exclude 
the  CV  for  age-1  fish,  because  the  CV  is  susceptible 
to  inflation  as  the  mean  approaches  0 and  only  reader 
1 estimated  specimens  to  be  1 year  old,  the  CV  esti- 


mate dropped  to  12.2%.  The  reduced  CV 
estimates,  after  development  of  aging  pro- 
tocols, are  in  the  range  of  CV  reported  by 
other  researchers  for  long-lived,  deepwater, 
difficult-to-age  species  (Friess  and  Sedberry, 
2011;  Harris  et  al.,  2004). 

The  VBGM  fit  to  the  remaining  sample 
of  554  wreckfish  used  for  age  and  growth 
analysis  resulted  in 

Lt  = 1026(1  - r0-1211-4'961). 

This  result  indicates  that  wreckfish  experi- 
ence rapid  growth  during  the  early  years  of 
life,  attaining  approximately  95%  of  asymp- 
totic length,  on  average,  by  20  years  of  age. 
After  age  20,  growth  in  length  slows  dra- 
matically, and  fish  older  than  approximately 
20  years  in  the  population  exhibit  similar 
size  distributions  (Fig.  5). 

To  allow  for  comparison  of  VBGM  param- 
eters from  previous  age  and  growth  stud- 
ies on  wreckfish,  all  FL  measurements  were 
converted  to  TL  measurements  and  the 
VBGM  was  rerun,  resulting  in 

Lt  = 1071(1  - e-°12(t-4-96)).  (8) 

In  comparison  with  the  2 previous  studies 
of  wreckfish  (Fig.  6,  Table  2),  our  data  in- 
dicate a more  rapid  growth  rate  at  younger 
ages  and  a smaller  asymptotic  length. 


Natural  mortality 

For  calculation  of  our  M estimates,  we  used 
the  maximum  age  (tma=80  years)  observed 
in  the  fish  aged  for  growth  curve  analy- 
sis and  the  estimates  of  von  Bertalanffy 
growth  curve  parameters  k (0.124)  and 
(1026  mm  FL).  Age-constant  estimates  of  M 
based  on  the  methods  reported  in  Then  et 
al.  (2015)  yielded  M=0.088  with  equation  4 
and  M=0.091  with  equation  5.  These  2 es- 
timates are  remarkably  similar  given  that 
they  are  based  on  2 fundamentally  different 
estimators.  The  M estimates  from  both  age- 
varying  estimators  indicate  a type-3  sur- 
vival curve,  which  is  common  among  finfish 
species,  for  North  Atlantic  wreckfish  (Fig.  7).  The  Char- 
nov  et  al.  (2013)  method  yielded  M at  age  0=0.398,  and 
with  an  expected  rapid  decrease  in  M values  to  age  15 
years  and  a leveling  off  at  around  M=0.120.  The  Gisla- 
son  et  al.  (2010)  method  (eq.  6)  yielded  a lower  value 
of  M at  age  0 (M=0.231),  than  that  with  the  Charnov 
et  al.  (2013)  method  (eq.  7),  but  with  a similar  rapid 
decline  up  to  age  15  years  and  reaching  an  asymptotic 
M value  of  around  0.060. 

For  evaluation  of  age-varying  estimators  against  the 
age-constant  M estimators,  we  compared  the  propor- 
tion of  recruits  surviving  from  age  at  full  recruitment 
to  the  fishery  to  maximum  age  as  estimated  from  each 
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that  validation  through  bomb  radiocarbon 
levels  has  high  scientific  merit  and  therefore 
is  preferable  to  most  other  techniques,  and 
only  modest  sample  sizes  (20-30  individuals) 
are  needed. 

Annual  increment  formation  in  the  otoliths 
of  wreckfish  was  validated  by  the  radiocarbon 
dating  method  used  in  our  study  for  wreckfish 
from  the  North  Atlantic,  and  by  the  compari- 
son with  the  haddock  standard.  As  expected, 
with  the  exception  of  one  outlier  believed  to 
have  resulted  from  contamination,  we  detect- 
ed no  measurable  radiocarbon  in  the  otolith 
cores  that  were  formed  before  1958.  One  ca- 
veat for  the  use  of  a bomb  radiocarbon  tech- 
nique for  age  validation  is  that  it  allows  for 
validation  of  a maximum  age  only  to  the  year 
of  bomb  radiocarbon  onset  (1958).  Because  all 
specimens  of  North  Atlantic  wreckfish  used  in 
this  study  were  collected  in  1991,  we  were  able 
to  validate  a maximum  age  of  up  to  33  years 
with  this  technique.  Collection  and  validation 
of  age  of  otoliths  in  later  years  should  elim- 
inate the  need  for  this  caveat  in  the  future. 
Still,  the  results  of  this  study  are  useful  today. 
The  bomb  radiocarbon  technique  validated  the 
structure  and  annual  formation  of  increments, 
indicating  increment  counts  can  successfully 
be  used  to  age  otoliths  from  wreckfish. 

A distinct  phase  shift  of  approximately 
5-6  years  was  apparent  when  comparing  the 
chronology  of  radiocarbon  levels  in  wreckfish 
with  the  standard  chronology  of  haddock. 

of  the  4 methods.  We  defined  age  at  full  recruit- 
ment to  the  fishery  as  the  age  calculated  for  the 
most  common  (900  mm  FL  and  12  years  old) 
length  in  the  fishery-dependent  samples  based 
on  our  calculated  VBGM.  This  approach  result- 
ed in  2.5%,  2.1%,  1%,  and  0%  recruits  surviving 
to  maximum  age  with  Equations  4,  5,  6,  and  7, 
respectively. 

Discussion 

Age  validation,  here  referring  to  confirmation 
of  absolute  age  and  periodicity  of  growth  incre- 
ment formation,  is  a crucial  step  for  stock  as- 
sessment of  any  fish  species.  Without  validat- 
ed age  data,  greater  uncertainty  in  estimates 
of  age-related  life  history  parameters  (e.g., 
growth  and  natural  mortality)  and  age  compo- 
sitions would  persist,  resulting  in  an  increase 
in  uncertainty  in  stock  assessment  models. 

Particularly  daunting  is  the  task  of  validat- 
ing the  ages  of  long-lived  fishes  because  few 
techniques  are  applicable  to  these  species  and 
most  attempts  have  unclear  results  (Tracey 
and  Horn,  1999;  Harris  et  al.,  2004).  For  the 
techniques  available,  Campana  (2001)  suggests 


Age  estimate  (yr) 

Figure  5 

Observed  length-at-age  data  for  wreckfish  ( Polyprion  america- 
nus ) collected  in  the  North  Atlantic  from  2000  through  2011 
used  in  the  growth  analysis.  The  solid  line  represents  esti- 
mates from  the  fitted  von  Bertalanffy  growth  model. 
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Figure  4 

Length  frequency  (in  10-mm  bins)  of  fork  lengths  (FLs)  from  the 
samples  of  wreckfish  ( Polyprion  americanus)  collected  in  the  North 
Atlantic  in  1991  and  used  in  age  and  growth  analysis  (n=563; 
black),  the  data  of  which  are  overlaid  on  the  total  sample  popula- 
tion from  which  these  samples  were  randomly  selected.  Note  that 
the  specimens  that  had  sizes  <700  mm  FL  or  >1100  mm  FL  were 
not  randomly  selected. 
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Age  estimate  (yr) 


Figure  6 

Comparison  of  growth  curves  from  the  fitted  von  Bertalanffy 
growth  models  for  wreckfish  (Polyprion  americanus)  from 
Peres  and  Haimovici  (2004,  dashed-and-dotted  line),  Vaughan 
for  specimens  caught  in  1988-1992  (dashed  line),  Vaughan 
et  al.  (2001)  for  the  specimens  caught  in  1995-1998  (dotted 
line),  and  the  study  described  in  this  paper  (solid  line) 


At  face  value,  such  a phase  shift  indicates  a system- 
atic underaging  of  wreckfish  by  5-6  years,  but  Filer 
and  Sedberry  (2008)  observed  a similar  phase  shift  in 
an  age  validation  study  performed  on  barrelfish  (Hy- 
peroglyphe  perciformis ) captured  from  the  Charles- 
ton Bump.  The  authors  hypothesized  that  the  phase 
shift  observed  in  barrelfish  resulted  from  differences 
in  oceanographic  conditions  experienced  by  barrelfish, 
compared  with  those  experienced  by  haddock  in  the 


standard  chronology  for  that  species,  variances 
caused  by  localized  upwelling  events  or  regional 
differences  in  onset  of  increases  in  14C  in  surface 
waters.  Because  the  only  known  spawning  loca- 
tion for  adult  wreckfish  in  the  North  Atlantic  is 
the  Charleston  Bump,  juvenile  wreckfish  may 
also  have  been  exposed  to  lower  levels  of  radio- 
carbon in  a given  year  compared  with  the  lev- 
els to  which  known-age  haddock  captured  off  the 
eastern  coast  of  Canada  were  exposed. 

Researchers  also  have  also  documented  a sim- 
ilar phase  shift  in  bomb  radiocarbon  levels  in 
the  Pacific  Ocean.  A radiocarbon  validation  study 
performed  on  canary  rockfish  ( Sebastes  pinniger ) 
revealed  that  differences  in  oceanographic  condi- 
tions caused  by  upwelling  caused  a phase  shift 
of  5-6  years  between  the  radiocarbon  chronolo- 
gies of  canary  rockfish  and  that  of  a reference 
chronology  developed  from  Pacific  halibut  (Hip- 
poglossus  stenolepis ) (Piner  et  al.,  2004). 

Two  additional  sources  of  aging  error  that 
could  explain  the  observed  phase  shift  and  ap- 
parent underaging  in  aging  studies  are  1)  the 
misidentification  of  the  first  annulus  and  2)  the 
annulus  overlay  at  older  ages  due  to  otolith  sec- 
tion thickness.  Misidentification  of  the  first  an- 
nulus could  be  directly  related  to  our  reliance 
on  the  aging  protocol  developed  for  the  popula- 
tion of  wreckfish  in  the  South  Atlantic  by  Peres 
and  Haimovici  (2004).  On  the  basis  of  the  dai- 
ly increment  counts  in  their  study,  Peres  and 
Haimovici  proposed  that  there  were  1-3  false 
rings  before  the  first  annual  increment.  Inclusion  of 
the  false  rings  as  annuli  in  our  age  estimates  would 
have  potentially  shifted  the  curve  to  a later  date, 
leading  to  a better  phase  agreement  with  the  stan- 
dard curve.  Interestingly,  such  systematic  underaging 
of  wreckfish  due  to  incorrect  first  annuli  identifica- 
tion would  shift  the  resulting  growth  curve  along  the 
x-axis  and  would  provide  a more  realistic  estimate 
of  the  t o parameter.  Researchers  have  not  performed 


Table  2 

Parameters  from  the  von  Bertalannfy  growth  model  (VBGM),  with  associated  standard  errors  (SE),  from  our  study  in  which 
the  converted  total  lengths  (TLs)  [see  Methods  and  methods  section]  and  from  2 previous  studies  on  wreckfish  ( Polyprion 
americanus)  in  Atlantic  ocean  waters.  An  asterisk  (*)  indicates  that  Vaughan  et  al.  2001  experienced  problems  with  con- 
vergence when  trying  to  freely  estimate  VBGM  parameters  with  data  collected  in  1988-1992.  To  alleviate  this  issue,  they 
fixed  L„  to  1638  mm  TL,  constraining  the  values  that  the  other  VBGM  parameters  can  take  because  of  correlation  among 
parameters. 


Source 

Population 

Period 

Sex 

n 

L0 „ 

SE 

k 

SE 

to 

SE 

^max 

Our  Study 

North 

2000-2011 

Combined 

554 

1071 

6.80 

0.124 

0.007 

-4.96 

0.553 

80 

Vaughan  et  al.,  2001 

North 

1988-1992 

Combined 

738 

1638* 

0.028 

0.001 

-16.56 

0.590 

39 

1995-1998 

Combined 

117 

1638 

121.92 

0.032 

0.006 

-12.48 

1.760 

30 

Peres  and  Haimovici,  2004 

South 

1986-1997 

Combined 

337 

1210 

0.063 

-6.30 

76 

86 
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Age  estimate  (yr) 

Figure  7 

Estimates  of  age-varying  natural  mortality  (M)  for  wreckfish 
( Polyp/'ion  americanus ) caught  in  the  North  Atlantic  from  2000 
through  2011,  based  on  the  Gislason  et  al.  (dashed  line)  and  the 
Charnov  et  al.  (solid  line)  methods. 


daily  increment  analysis  on  North  Atlantic  wreckfish 
to  validate  the  first  annulus;  therefore,  no  conclusion 
can  be  made  as  to  which  method  is  correct. 

Peres  and  Haimovici  (2004)  also  suggested  annulus 
overlay  could  be  a source  of  aging  error  in  their  study, 
with  the  implication  being  that  it  would  cause  under- 
aging of  wreckfish  in  a population.  To  investigate  this 
possibility,  Peres  and  Haimovici  (2004)  experimented 
with  different  thicknesses  of  otolith  sections,  suggest- 
ing that  much  thinner  sections  (0.11-0.15  mm  for 
ages  greater  than  40  years  compared  with  0.2-0.25 
mm  for  small  fish  [TL  <75  cm])  were  needed  to  clearly 
discern  banding  patterns  in  older  wreckfish.  Further 
research  is  warranted  to  determine  whether  the  phase 
shift  is  due  to  regional  differences  in  14C  concentra- 
tions, to  systematic  underaging  of  specimens  that  re- 
sults from  incorrect  first  annulus  identification,  to  an- 
nulus overlay,  or  to  other  reasons. 

Irrespective  of  the  observed  phase  shift,  we  validat- 
ed annual  increment  formation,  and,  having  found  no 
evidence  of  overaging  in  our  bomb  radiocarbon  study 
and  having  identified  several  individuals  aged  over 
75  years  in  our  relatively  small  sample,  we  are  con- 
fident that  wreckfish  are  living  in  excess  of  75  years. 
The  maximum  age  observed,  80  years,  is  approxi- 
mately twice  the  previously  reported  maximum  age 
of  39  years  (Vaughan  et  al.,  2001).  Our  revised  maxi- 
mum age  estimate  is  consistent  with  findings  for  the 
congeneric  species  Hapuku  (63  years;  Francis  et  al., 
1999)  and  the  South  Atlantic  stock  of  wreckfish  (76 
years;  Peres  and  Haimovici,  2004).  The  finding  that 
wreckfish  live  twice  as  long  as  previously  reported  by 
Vaughan  et  al.  (2001)  can  be  attributed  to  a difference 
in  aging  technique.  We  aged  wreckfish  using  trans- 


verse otolith  sections  that  were  0.25-0.30  mm 
wide,  and  the  prior  study  used  sections  that 
were  0.35-0.50  mm  wide  (Potts2). 

The  surface  of  an  otolith  from  a wreckfish  is 
far  from  uniform;  there  are  many  raised  bumps 
along  the  surface,  and  edges  are  often  serrated. 
Because  of  the  narrow  width  between  outer  incre- 
ments along  these  irregularities,  the  same  band 
may  be  seen  along  different  planes  when  the 
otolith  is  sectioned  at  thicker  widths.  Inclusion 
of  the  same  band  at  different  planes  can  poten- 
tially cause  a “smear,”  that  masks  other  nearby 
growth  increments,  resulting  in  the  bands  being 
grouped  together  and  leading  to  under-estimates 
of  ages.  A similar  argument  was  put  forward  to 
justify  the  use  of  thinner  sections  as  reported  in 
Peres  and  Haimovici  (2004). 

The  k value  obtained  in  our  study  (£=0.124/ 
year,  sexes  combined)  is  approximately  4 
times  the  value  previously  reported  for  wreck- 
fish in  the  North  Atlantic  (k-0. 032/year  and 
£=0. 028/year  for  sexes  combined  for  the  peri- 
ods 1995-1998  and  1988-1992;  Vaughan  et  al., 
2001)  and  double  that  for  the  South  Atlantic 
stock  (£=0. 063/year,  sexes  combined;  Peres  and 
Haimovici,  2004). 

All  to  values  reported  for  wreckfish  are  negative, 
and  the  value  obtained  in  our  study  (t0=-4.96  years)  is 
similar  to  the  values  reported  for  the  population  in  the 
South  Atlantic  (/o=-6.30  years;  Peres  and  Haimovici, 
2004)  but  very  different  from  the  to  values  (/q=  -12.48 
years  and  /q=  -16.56  years  for  the  periods  1995-1998 
and  1988-1992)  previously  reported  for  North  Atlantic 
wreckfish  (Vaughan  et  al.,  2001).  The  difference  in  to 
values  is  most  likely  due  to  the  lack  of  smaller,  younger 
fish  in  the  samples  used  in  the  Vaughan  et  al.  (2001) 
study.  It  is  expected  that  if  samples  of  younger  (0-3 
years  old)  fish  are  available  and  included  in  an  analy- 
sis, the  resulting  estimates  of  VBGM  parameters  would 
shift  / o values  closer  to  zero.  As  noted  previously,  if  the 
phase  shift  observed  in  the  bomb  radiocarbon  analysis 
is  the  result  of  systematic  underaging  of  wreckfish  by 
5-6  years  because  of  issues  with  first  annulus  identi- 
fication, any  such  correction  should  result  in  a shift  of 
to  toward  zero. 

The  Loo  values  obtained  in  our  study  (L„=  1071  mm 
TL,  sexes  combined)  were  lower  than  those  of  the  popu- 
lation in  the  South  Atlantic  (Loo=1210  mm  TL,  sexes 
combined;  Peres  and  Haimovici,  2004)  and  the  stock  in 
the  North  Atlantic  (Loc=1638  mm  TL;  Vaughan  et  al., 
2001).  Note  that  the  largest  specimen  (1340  mm  TL) 
in  our  samples  was  nearly  300  mm  TL  smaller  than 
the  Loo  value  reported  by  Vaughan  et  al.  (2001),  and 
95%  of  all  the  specimens  in  our  study  were  less  than 
1200  mm  TL.  The  difference  in  reported  values  be- 
tween our  study  and  the  study  of  the  South  Atlantic 
stock  by  Peres  and  Haimovici  (2004)  could  simply  be 


2 Potts,  J.  2014.  Personal  commun.  NOAA  Southeast  Fish- 
eries Science  Center,  Beaufort,  NC  28516. 
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due  to  a disparity  in  growth  between  the  2 stocks.  The 
difference  in  estimates  between  the  Vaughan  et  al. 
(2001)  and  our  study  may  have  resulted  from  the  lack 
of  larger  fish  (>1100  mm  TL)  in  our  sample;  however, 
the  length  frequency  of  the  subsample  used  in  age  and 
growth  analysis  in  our  study  mirrored  the  length  fre- 
quency of  our  total  sample  population.  It  is  more  likely 
that  the  difference  in  values  between  the  afore- 
mentioned study  and  ours  was  caused  by  incorrect  age 
assignments,  which  in  turn  would  impact  the  VBGM 
parameters.  Either  way,  this  difference  in  L«,  values 
has  implications  for  estimating  related  life  history  pa- 
rameters and  highlights  the  importance  of  validation 
efforts,  as  well  as  the  importance  of  the  inclusion  of 
sufficient  samples  from  the  oldest  age  groups  when  de- 
veloping a VBGM. 

Our  samples  contained  only  3 specimens  that  were 
less  than  500  mm  FL,  the  proposed  size  at  settlement 
for  wreckfish  from  both  the  North  and  South  Atlantic 
(Sedberry  et  al.,  1998;  Peres  and  Haimovici,  2004).  The 
smallest  specimen  was  452  mm  FL  and  was  estimated 
to  be  3 years  old.  The  lack  of  smaller  and  younger  fish 
(only  14  specimens  <2  years  old)  within  the  sample  is 
consistent  with  the  notion  that  juvenile  North  Atlan- 
tic wreckfish  settle  at  a size  around  500  mm  TL  and 
at  an  age  of  1-2  years.  If  juveniles  are  present  at  the 
same  locations  as  adults,  gear  selectivity  is  unlikely  to 
have  excluded  them  from  our  sampling  because  juve- 
nile wreckfish  have  relatively  large  mouths  and  would 
be  susceptible  to  hook-and-line  capture. 

Natural  mortality  is  a fundamental  life  history  pa- 
rameter used  in  stock  assessments.  Without  a realistic 
estimate  of  M,  fishing-induced  mortality  cannot  be  es- 
timated from  the  age  or  size  composition  of  commercial 
catches,  and  the  effects  of  fishing  mortality  on  future 
yields  cannot  be  predicted.  Methods  used  to  estimate 
M treat  it  either  as  a constant  value  (Pauly,  1980;  Hoe- 
nig,  1983;  Alagajara,  1984;  Polovina  and  Ralston,  1987; 
Hewitt  and  Hoenig,  2005;  Then  et  al.,  2015)  or  as  an 
age-  or  size-varying  parameter  (Lorenzen,  1996;  Gisla- 
son  et  al.,  2010;  Charnov  et  al.,  2013),  but  the  latter  is 
the  generally  preferred  method  for  estimating  M. 

Although  treating  M as  a constant  value  has  been  a 
historically  common  practice,  today  researchers  gener- 
ally accept  that  M is  highest  during  larval  stages  and 
decreases  as  a fish  ages,  finally  arriving  at  some  steady 
state  (Gislason  et  al.,  2010).  Assuming  M varies  with 
age,  managers  can  consider  the  effects  of  size  compo- 
sition when  examining  alternate  management  strate- 
gies. Data  from  our  study  indicated  that  age-based  es- 
timates of  M reached  an  asymptote  by  approximately 
age  15.  The  value  of  the  asymptote  varied  according  to 
the  aging  method  used,  ranging  from  0.07  for  Gislason 
et  al.  (2010)  to  0.12  for  Charnov  et  al.  (2013),  respec- 
tively. Most  fish  captured  along  the  Charleston  Bump 
are  greater  than  900  mm  FL  (Sedberry  et  al.,  1999), 
corresponding  to  an  age  of  around  10-15  years  from 
the  VBGM.  If  managers  were  to  select  a point  estimate 
of  M,  because  of  the  absence  of  younger  age  classes,  it 
is  likely  that  the  point  estimate  of  M used  to  determine 


the  allowable  biological  catch  would  fall  between  the 
asymptotic  values  of  M from  the  age-varying  methods. 
This  value  would  represent  the  M experienced  by  the 
fished  portion  of  the  stock. 

When  selecting  the  appropriate  method  for  estima- 
tion of  M,  researchers  are  faced  with  a daunting  se- 
lection of  estimation  techniques,  most  of  which  involve 
the  use  of  estimates  of  one  or  multiple  parameters  from 
the  VBGM,  tmax,  or  weight-at-age  data.  Proper  selec- 
tion of  a technique  will  first  depend  on  the  information 
available  and  then  on  the  confidence  in  the  accuracy 
of  the  parameter  estimate  being  used  (e.g.,  whether 
a researcher  is  more  confident  in  the  accuracy  of  the 
VBGM  parameters  or  of  tmax).  However,  Then  et  al. 
(2015)  asserts  that  fmax  is  the  best  proxy  for  estimating 
M when  a value  is  available.  Because  this  study  vali- 
dated age  estimates  of  wreckfish  captured  in  the  North 
Atlantic  and  because  the  M estimate  based  on  VBGM 
parameters  (M=0.091)  was  close  to  the  M estimate  that 
was  based  on  tmax  (M=0.088),  0.09  is  an  appropriate 
value  to  use  for  M in  stock  assessments  of  wreckfish. 

The  new  information  presented  here  on  the  life 
history  of  wreckfish  in  the  North  Atlantic  represents 
the  North  Atlantic  stock  more  accurately  because  it  is 
based  on  recent  samples  collected  during  2000-2011, 
because  new  aging  criteria  and  resulting  estimates 
have  been  validated  with  bomb  radiocarbon  analysis, 
and  because  the  new  age  estimates  are  similar  to  es- 
timates for  other  Polyprion  species.  Several  aspects  of 
the  life  history  of  wreckfish  in  the  North  Atlantic  are 
still  in  need  of  study.  The  validation  of  the  maximum 
age  of  80  years  reported  here  cannot  be  validated  by 
radiocarbon  analysis  until  the  year  2038.  However,  we 
have  validated  the  aging  criteria  used  to  determine 
ages  of  wreckfish  through  bomb  radiocarbon  analysis. 
In  addition,  the  structure  and  formation  of  the  first 
annual  increment  needs  to  be  elucidated  and  investi- 
gated because  it  may  potentially  affect  age  estimates 
by  up  to  3 years.  Samples  from  the  eastern  Atlantic 
are  needed  to  compare  potential  differences  in  life  his- 
tory parameters  within  the  North  Atlantic  population 
and  to  investigate  connectivity  between  populations. 
Finally,  the  determination  of  size  and  age  at  maturity 
and  sex-specific  differences  in  age  and  growth  is  essen- 
tial for  future  stock  assessments  and  requires  samples 
from  whole,  rather  than  gutted,  fish. 
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Abstract— Accurate  maturity-at-age 
data  are  necessary  for  estimating 
spawning  stock  biomass  and  setting 
reference  points  for  fishing.  This 
study  is  the  first  on  age  at  matu- 
rity of  female  sablefish  (Anoplopoma 
fimbria ) sampled  in  Alaska  during 
their  winter  spawning  period,  when 
maturity  is  most  easily  assessed. 
Skipped  spawning,  the  situation 
where  fish  that  have  spawned  in  the 
past  do  not  spawn  during  the  cur- 
rent season,  was  documented  in  fe- 
male sablefish  for  the  first  time.  De- 
termination of  age  at  maturity  was 
heavily  influenced  by  whether  these 
fish  that  would  skip  spawning  were 
classified  as  mature  or  immature; 
age  at  50%  maturity  was  6.8  years 
when  fish  that  would  skip  spawning 
were  classified  as  mature,  and  9.9 
years  when  classified  as  immature. 
Skipped  spawning  was  more  com- 
mon on  the  continental  shelf,  and 
rates  of  skipped  spawning  increased 
with  age  through  age  15.  Estimates 
of  age  at  maturity  were  similar  for 
samples  collected  in  winter  and 
summer,  when  fish  that  would  skip 
spawning  sampled  during  winter 
were  classified  as  mature.  When 
fish  that  would  skip  spawning  were 
considered  immature  in  the  sable- 
fish population  model  for  Alaska, 
estimates  of  spawning  biomass  de- 
creased. Relative  fecundity  did  not 
change  with  size  and  age,  verifying 
the  assumption  made  in  the  Alaska 
sablefish  stock  assessment  that  rela- 
tive reproductive  output  is  linearly 
related  to  female  spawning  biomass. 
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Maturity-at-age  data  are  used  in 
stock  assessments  to  estimate  repro- 
ductive output  of  fish  populations. 
Commonly,  these  data  are  collected 
without  the  aid  of  histological  analy- 
sis and  often  during  surveys  that  do 
not  correspond  with  the  time  of  the 
reproductive  cycle  when  maturity 
can  be  gauged  with  the  greatest  ac- 
curacy, the  time  just  before  spawn- 
ing (Hunter  et  ah,  1992).  These  dis- 
crepancies can  result  in  the  misclas- 
sification  of  maturity  and  in  inaccu- 
racies in  estimations  of  age  at  ma- 
turity. Misclassifying  maturity  can 
result  in  over-  or  underestimation 
of  spawning  stock  biomass  (SSB), 
which  is  used  as  a proxy  for  egg 
production  in  population  models.  An 
inaccurate  estimation  of  SSB  can  af- 
fect management  decisions.  In  some 
cases,  egg  production  is  not  linearly 
related  to  SSB,  a situation  that  oc- 
curs when  relative  fecundity  changes 
with  age  or  size  (e.g.,  Hislop,  1988). 
If  relative  fecundity  is  not  constant, 
incorporating  the  assumption  that 
SSB  is  linearly  related  to  fecundity 
in  population  models  will  lead  to 
bias  in  estimates  of  productivity. 


Although  it  is  generally  assumed 
that  marine  fish  in  northern  lati- 
tudes reproduce  on  an  annual  cy- 
cle, it  is  not  always  the  case.  For 
example,  it  has  been  documented 
that  a portion  of  mature  Atlantic 
cod  ( Gadus  morhua)  skips  spawn- 
ing annually;  therefore,  the  repro- 
ductive cycle  for  some  individu- 
als is  longer  than  1 year  (Marshall 
et  al.,  2000).  In  the  North  Pacific 
Ocean,  the  Pacific  halibut  (Hippo- 
glossus  stenolepis ) has  been  thought 
to  also  skip  spawning  on  the  ba- 
sis of  their  movements  during  the 
spawning  season  (Loher  and  Seitz, 
2008).  Skipped  spawning,  which  oc- 
curs when  mature  fish  that  have 
spawned  in  prior  seasons  do  not 
spawn  in  the  current  season,  is 
likely  to  be  a more  common  phenom- 
enon than  previously  thought  (Ride- 
out and  Tomkiewicz,  2011),  hav- 
ing been  documented  in  at  least  30 
freshwater  and  marine  fishes  (Secor, 
2008;  Skjseraasen  et  ah,  2012). 

Sablefish  ( Anoplopoma  fimbria) 
are  part  of  a commercially  impor- 
tant resource  in  the  North  Pacific 
Ocean;  the  fishery  in  Alaska  is  val- 


90 


Fishery  Bulletin  1 14(1) 


ued  at  more  than  $100  million  annually  (Fissel  et  al. 1 ). 
In  Alaska,  the  sablefish  population  is  assessed  annu- 
ally with  a split-sex,  age-structured  population  model 
(Hanselman  et  al.2).  Age  at  maturity  is  an  integral 
component  for  estimating  female  SSB,  which  is  used 
to  set  target  biological  reference  points  for  this  stock. 
The  current  female  age-at-maturity  model  is  based  on 
data  collected  during  surveys  conducted  in  the  sum- 
mers of  1978-1983  (Sasaki,  1985).  Because  these  data 
were  collected  more  than  30  years  ago,  it  is  important 
to  re-assess  the  age  at  maturity  of  female  sablefish. 
In  addition  to  potentially  being  outdated,  those  age- 
at-maturity  data  are  from  summer  samples  for  which 
maturity  was  evaluated  macroscopically  and  was  not 
confirmed  with  histological  examination.  These  ma- 
turity data  were  also  categorized  by  fish  length,  the 
values  of  which  were  later  converted  to  ages  for  stock 
assessments,  introducing  further  error  through  the  use 
of  an  age-length  key. 

The  sablefish  is  a batch  spawner  with  group  syn- 
chronous oocyte  development  and  determinate  fecun- 
dity. This  species  spawns  during  the  winter  or  early 
spring  in  Alaska.  Before  this  period,  immature  fish 
can  be  unambiguously  distinguished  from  fish  that 
will  spawn,  and  total  fecundity  can  be  calculated.  Dur- 
ing the  summer,  gonads  may  be  resting  and  may  not 
show  obvious  signs  that  sablefish  will  spawn  in  the 
coming  winter;  therefore,  fish  that  will  skip  spawning 
are  difficult  to  distinguish  from  fish  that  will  spawn 
if  they  are  sampled  during  the  summer.  If  maturity  is 
consistently  misclassified  when  summer  samples  are 
used,  then  estimates  of  maturity  at  age  can  be  biased. 
Skipped  spawning  has  not  been  documented  in  sable- 
fish, but  skipped  spawning  rates  that  have  been  ob- 
served in  other  species  have  ranged  from  9%  to  86% 
(Secor,  2008). 

Since  1996,  maturity  classifications  and  age  data 
have  been  collected  during  the  annual  summer  long- 
line  surveys  conducted  by  the  NOAA  Alaska  Fisher- 
ies Science  Center  (AFSC)  in  Alaska  to  sample  the 
slope  of  the  Gulf  of  Alaska,  the  eastern  Bering  Sea, 
and  the  Aleutian  Islands  from  the  end  of  May  through 
the  end  of  August.  Approximately  1000  females  are  as- 
sessed for  maturity  each  year,  and  about  600  of  them 
are  aged.  These  data  have  not  been  incorporated  into 
estimates  of  age  at  maturity  for  stock  assessment,  but 
they  continue  to  be  collected  annually.  Until  our  work 


1 Fissel,  B.  M.  Dalton,  R.  Felthoven,  B.  Garber- Yonts,  A.  Haynie, 
A.  Himes-Cornell,  S.  Kasperski,  J.  Lee,  D.  Lew,  L.  Pfeiffer,  J. 
Sepez,  and  C.  Seung.  2012.  Stock  assessment  and  fishery 
evaluation  report  for  the  groundfish  fisheries  of  the  Gulf  of 
Alaska  and  Bering  Sea/Aleutian  Islands  area:  economic  sta- 
tus of  the  groundfish  fisheries  off  Alaska,  2011,  299.  Alaska 
Fish.  Sci.  Cent.,  Natl.  Mar.  Fish.  Serv.,  NOAA,  Seattle,  WA. 
[Available  at  website,  accessed  July  2014.] 

2 Hanselman  D.  H.,  C.  R.  Lunsford,  and  C.  J.  Rodgveller.  2013. 
Assessment  of  the  sablefish  stock  in  Alaska.  In  Stock  as- 
sessment and  fishery  evaluation  report  for  the  groundfish 
resources  of  the  Gulf  of  Alaska,  p.  267-376.  North  Pacific 
Fishery  Management  Council,  Anchorage,  AK.  [Available  at 
website,  accessed  July  2014.] 


occurred,  there  had  been  no  studies  of  sablefish  ma- 
turity in  winter  to  compare  with  the  estimates  of  age 
at  maturity  in  summer,  and  there  are  no  estimates  of 
fecundity  for  sablefish  in  Alaska. 

There  were  multiple  objectives  for  this  study.  The 
first  objective  was  to  estimate  the  age  at  maturity  for 
prespawning  female  sablefish  caught  near  the  epicen- 
ter of  their  distribution  in  Alaska  and  to  determine 
whether  females  reproduce  annually.  The  second  objec- 
tive was  to  compare  estimates  of  age  at  maturity  based 
on  histological  data  from  samples  collected  in  winter 
with  estimates  of  age  at  maturity  based  on  macroscopic 
examination  of  samples  collected  in  summer.  The  third 
objective  was  to  determine  whether  SSB  is  proportion- 
al to  fecundity,  as  is  assumed  in  the  population  models 
for  sablefish. 


Materials  and  methods 

Winter  sampling 

The  study  area  was  located  off  Kodiak  Island  in  the 
Gulf  of  Alaska  between  latitudes  59°03'  and  56°30'N 
and  longitudes  148°26'  and  154°35'E.  A commercial 
trawl  vessel,  the  FV  Gold  Rush,  was  chartered  to  con- 
duct 10  days  of  fishing  beginning  12  December  2011,  a 
period  that  was  estimated  to  be  within  the  prespawn- 
ing period  for  sablefish.  To  locate  specimens  for  the  full 
range  of  ages  and  lengths  of  mature  and  immature  fe- 
males, trawling  operations  were  planned  for  sampling 
over  a wide  range  of  depths  and  topography,  including 
the  continental  slope  (depths  of  500-700  m)  and  the 
shelf  (depths  shallower  than  300  m),  which  included 
bays,  gullies,  and  troughs.  Locations  were  chosen  on  the 
basis  of  catches  from  commercial  fisheries  and  AFSC 
bottom  trawl  surveys.  Because  of  inclement  weather, 
only  4 tows  were  conducted  on  the  slope,  whereas  37 
tows  were  completed  on  the  shelf. 

Maturity  samples  were  collected  on  the  basis  of 
a length-stratified  sampling  design  in  which  up  to  7 
sablefish  were  sampled  for  each  centimeter  of  total 
length.  Each  specimen  was  weighed  with  the  stomach 
evacuated,  and  the  sagittal  otoliths  were  collected  for 
aging.  Both  ovaries  were  excised  and  weighed.  Ova- 
ries were  preserved  in  10%  formalin.  Personnel  of  the 
AFSC  Age  and  Growth  Program  aged  otoliths  by  using 
standard  validated  methods  (Fargo  and  Chilton,  1987; 
Kimura  and  Anderl,  2005;  Kimura  et  al.,  2007). 

Maturity  classification  during  winter 

We  prepared  histological  samples  from  the  posterior  re- 
gion of  the  ovaries  for  all  fish  sampled.  In  addition,  for 
a subsample  of  specimens  representing  a range  of  ova- 
ry sizes,  the  consistency  of  oocyte  development  within 
the  ovaries  was  assessed  by  using  sections  from  the 
medial  and  anterior  areas  of  one  ovary  and  from  the 
posterior  section  of  both  ovaries.  In  another  subsample 
of  fish,  posterior  sections  were  taken  from  both  ovaries. 
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Table  1 

Microscopic  (histological)  and  macroscopic  (visual)  descriptions  of  oocyte  stage  and  ovarian  maturity  of  female  sablefish 
C Anoplopoma  fimbria ) sampled  before  spawning  in  the  central  Gulf  of  Alaska  during  December  2011.  For  the  histological 
classification  of  ovarian  maturity,  the  most  advanced  stage  of  oocytes  present  is  described  followed  by  the  maturity  stage  of 
the  ovary.  The  stages  that  were  observed  are  marked  with  an  X. 

Structures  defining  maturity 

Oocyte  stage 

Maturity 

Observed 

Microscopic  classification  of  ovarian  maturity 

Oocytes  with  multiple  nucleoli  or  perinucleolar; 
thin  ovarian  wall. 

Primary  growth 

Immature 

X 

Oocytes  with  multiple  nucleoli  or  perinucleolar; 

thick  ovary  wall;  thick  stroma;  blood  vessels  present. 

Primary  growth 

Mature; 

skipped  spawning 

X 

Yolk  accumulated  within  eosinophylic  spheres  (vitellogenesis). 

Secondary  growth 

Mature 

X 

Yolk  spheres  have  coalesced  and  yolk  has  fused. 

Oocyte  maturation 

Mature 

X 

Ovulatory  follicles  remain  in  the  ovary  after  ovulation. 

Postovulatory  follicle 

Mature 

Macroscopic  classification  of  ovarian  maturity 

Ovaries  thin  and  tubular;  no  oocytes  visible. 

Ovaries  tubular  in  shape,  contain  transparent  oocytes, 
which  appear  indistinct  through  ovary  wall. 

Ova  opaque,  white,  and  clearly  discernible  through 

Immature 

Immature 

X 

the  distended,  transparent  ovary  wall. 

Mature 

X 

Ovaries  engorged  with  free-flowing,  translucent  eggs. 
Ovaries  large,  flaccid,  and  may  be  bloodshot. 

Mature;  spawning 
Spent 

X 

Ovary  small,  flaccid;  oocytes  not  discernible. 

Mature; 

skipped  spawning 

X 

Ovarian  tissues  were  embedded  in  paraffin,  sectioned 
at  5-6  pm,  stained  with  hematoxylin,  and  counter- 
stained  with  eosin. 

Histological  slides  were  examined  microscopically 
by  2 readers,  and  maturity  was  classified  according  to 
the  most  advanced  ooctye  stage  or  structure  contained 
in  the  ovary,  as  well  as  other  features  (Table  1)  (e.g., 
Hunter  et  al.,  1992;  Stark,  2007).  Ovaries  with  pri- 
mary growth  oocytes  as  the  most  advanced  stage  were 
classified  as  immature.  However,  if  ovaries  had  1)  pri- 
mary growth  oocytes  accompanied  by  a thick  stroma 
and  structural  reorganization  (loose  structure  of  oo- 
cytes with  tissue  surrounding  oocytes),  2)  blood  ves- 
sels within  the  lamellae,  and  3)  a thick  tunica  (ovarian 
wall),  the  ovaries  were  classified  as  resting.  Because 
sampling  was  conducted  immediately  before  spawning, 
fish  with  resting  ovaries  were  classified  as  fish  that 
would  skip  spawning  in  the  current  spawning  season. 
The  presence  of  thick  tunica  and  stroma  before  the 
spawning  period  has  been  used  as  criteria  for  identify- 
ing skipped  spawning  in  multiple  fish  species,  includ- 
ing winter  flounder  (Pseudopleuronectes  americanus 
[Burton  and  Idler,  1984])  and  Atlantic  cod  (e.g..  Burton 
et  al.,  1997;  Rideout  et  al.,  2000,  2005;  Rideout  and 
Tomkiewicz,  2011).  Mature  females  that  had  vitellogen- 
ic oocytes,  hydrated  oocytes,  or  postovulatory  follicles 


were  characterized  as  females  that  were  expected  to 
spawn  in  the  current  spawning  season.  Ovarian  wall 
widths  were  measured  on  images  taken  from  the  slides 
used  for  histological  examination.  Five  measurements 
were  taken  and  averaged  for  each  fish. 

Macroscopic  determination  of  maturity  during  summer 

Macroscopic  determination  of  maturity  has  been  com- 
pleted and  accompanying  otoliths  have  been  collected 
for  aging  annually  since  1996  during  AFSC  summer 
longline  surveys,  which  are  conducted  from  the  end  of 
May  through  the  end  of  August.  Sampling  stations  are 
spaced  systematically  35-55  km  apart  along  the  conti- 
nental slope  of  the  Gulf  of  Alaska,  the  eastern  Bering 
Sea,  and  the  Aleutian  Islands  (Sasaki,  1985).  At  each 
station  in  the  Gulf  of  Alaska,  7200  hooks  are  set.  For 
this  study,  we  examined  only  samples  collected  in  the 
central  Gulf  of  Alaska  (17  stations)  for  comparison  with 
samples  collected  during  the  winter  survey.  The  fish 
were  collected  by  using  a random,  systematic  method 
so  that  samples  were  taken  from  all  depth  strata  (100- 
200-m  intervals  from  depths  of  200-1000  m). 

During  the  summer,  fish  are  classified  as  immature, 
or  juvenile,  if  ovaries  are  string-like  or  are  slightly  en- 
larged and  are  clear  or  pink  and  contain  no  visible  oo- 
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cytes.  They  are  considered  mature  if  ovaries  are  large, 
are  turning  white  but  still  may  have  a pinkish  hue, 
and  veins  are  developing.  For  ovaries  classified  as  ma- 
ture, small  oocytes  are  sometimes  discernible  and  are 
firmly  attached  to  the  tissue.  Fish  are  spawning  if  eggs 
are  loose  or  extruding,  and  they  are  considered  to  be 
resting,  or  spent,  if  ovaries  are  flaccid;  spent  or  resting 
ovaries  may  also  have  a dark  coloration.  Interpretation 
of  these  various  stages  involves  some  subjectivity,  but 
technicians  are  trained  to  standardize  their  interpreta- 
tion of  juvenile  and  mature  ovaries. 

Estimation  of  age  at  maturity 

Age  at  maturity  of  female  sablefish,  for  both  the  his- 
tologically analyzed  winter  samples  and  the  visually 
analyzed  summer  samples,  was  modeled  with  a logistic 
function.  The  2-parameter  logistic  function  is  given  by 
the  following  equation: 

pa=  l/(l  + e“'5(a“a50%)),  (1) 

where  pa  = the  estimate  of  the  proportion  of  mature  fish 
at  age; 

8 = the  parameter  that  describes  the  slope 
(the  speed  at  which  maturity  approaches 
100%);  and 

°50%  = the  parameter  that  describes  the  age  at 
which  50%  of  the  fish  are  mature. 

The  observed  proportion  at  age  was  calculated  as 


where  ma  = the  number  of  mature  fish  observed  at  age 
a;  and 

na  = the  total  number  of  fish  at  age  a. 

We  used  the  binomial  likelihood  to  fit  the  observed  pro- 
portion of  mature  fish  at  age  with  the  logistic  model 
given  in  equation  1 in  AD  Model  Builder.3  vers.  11.2 
(Fournier  et  al.,  2012),  with  an  additional  penalty  that 
accounted  for  maturity  at  age  0 being  0%. 

Age  at  maturity  was  estimated  for  the  winter  sam- 
ples in  2 ways:  1)  fish  that  would  skip  spawning  were 
classified  as  mature,  and  2)  they  were  classified  as  im- 
mature. In  actuality,  fish  that  would  skip  spawning  are 
not  immature  but  have  spawned  in  the  past.  In  the  de- 
termination of  maturity  during  all  previous  collections 
of  sablefish  in  Alaska,  fish  that  would  skip  spawning 
were  either  not  distinguished  from  immature  fish  or 
could  have  been  considered  mature.  For  comparison 
with  these  data  sets,  we  ran  maturity-at-age  models 
with  the  winter  data  in  which  sablefish  that  would 
skip  spawning  were  classified  as  either  immature  or 
mature. 

Age  at  maturity  was  analyzed  for  all  samples  pooled 
and  stratified  by  area,  shelf  (depths  less  than  300  m), 
and  slope  (depths  of  500-700  m),  to  identify  possible 


3 Mention  of  trade  names  or  commercial  companies  is  for  iden- 
tification purposes  only  and  does  not  imply  endorsement  by 
the  National  Marine  Fisheries  Service,  NOAA. 


differences  between  these  habitats.  To  examine  the 
relationship  between  age  and  skipped  spawning  the 
proportion  of  fish  that  would  skip  spawning,  by  age, 
was  examined  for  the  shelf,  where  fish  that  would  skip 
spawning  were  much  more  common;  ages  for  which 
there  was  only  one  sample  were  excluded  from  this 
analysis. 

Biomass  and  reference  points  for  target  fishing 

Several  logistic  maturity  models  were  used  within  the 
age-structured  population  model  currently  used  for  sa- 
blefish in  Alaska  for  determining  SSB  (Hanselman  et 
al.  2):  these  included  the  logistic  model  fit  to  the  age-at- 
maturity  data  from  the  trawl  survey  conducted  in  the 
winter  of  2011,  the  summer  longline  survey  conducted 
in  2011,  the  mean  fit  to  all  data  from  annual  summer 
longline  surveys,  and  the  maturity  curve  currently 
used  in  stock  assessment. 

A time  series  of  female  SSB  was  estimated  when 
each  maturity  curve  was  input  into  the  sablefish  popu- 
lation model.  In  short,  SSB  is  calculated  in  the  assess- 
ment model  with  the  age  structure  of  the  population 
and  the  age-at-maturity  curve  (see  Hanselman  et  al.2). 
In  addition,  F^q%,  the  fishing  rate  that  reduces  SSB 
per  recruit  (lifetime  egg  production)  to  40%  of  the  un- 
fished level,  was  estimated,  for  the  most  current  year 
in  the  time  series,  when  each  of  the  4 maturity  curves 
was  used  to  determine  SSB  in  the  sablefish  population 
model. 

Fecundity 

Ovaries  were  chosen  for  estimation  of  fecundity  if  they 
had  advanced  vitellogenic  oocytes  and  if  no  postovula- 
tory follicles  were  identified  in  histological  cross  sec- 
tions; postovulatory  follicles  would  indicate  that  partial 
spawning  had  occurred.  In  ovaries  with  these  features 
an  advanced  (mature)  cohort  of  oocytes  was  clearly  sep- 
arable from  the  early  developing  (immature)  cohort  on 
the  basis  of  oocyte  size  and  appearance,  as  described 
for  sablefish  by  Mason  et  al.  (1983)  and  Hunter  et  al. 
(1989).  This  clear  separation  indicates  that  sablefish 
have  determinate  fecundity,  in  which  there  is  only  one 
cohort  of  maturing  oocytes  within  a spawning  season. 
Fecundity  was  measured  with  the  gravimetric  method 
(Murua  et  al.,  2003),  whereby  a subsample  of  mature 
oocytes  is  weighed  and  the  number  of  oocytes  is  count- 
ed. The  number  of  eggs  per  gram  in  the  subsample  is 
multiplied  by  the  ovary  weight  to  obtain  a total  fecun- 
dity. Samples  were  taken  from  the  anterior,  middle, 
and  posterior  sections  of  both  ovaries,  and  the  6 mea- 
surements were  averaged  to  estimate  overall  fecundity. 

As  ovaries  develop,  oocytes  enlarge  and  the  number 
of  oocytes  per  gram  of  sample  weight  decreases.  Such 
a decrease  will  not  affect  estimates  of  fecundity  un- 
less the  decrease  is  caused  by  a loss  of  oocytes  through 
batch  spawning  or  atresia.  To  confirm  that  spawning 
had  not  commenced,  a linear  regression  of  oocytes  per 
gram  of  subsample  weight  and  fecundity  was  computed 
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Figure  1 

The  frequency  (in  numbers)  of  female  sablefish  (Anoplopoma  fimbria) 
sampled  in  December  2011  on  the  continental  shelf  or  slope  in  the 
central  Gulf  of  Alaska,  by  (A)  age  and  (B)  length. 


and  histological  slides  were  examined  for 
postovulatory  follicles.  Determinations  of 
any  oocyte  loss  due  to  atresia  were  done 
by  examination  of  histological  slides.  The 
number  of  oocytes  per  gram  was  also 
compared  for  2 categories  of  mature  fish: 
younger  (age  <12  years)  and  older  (age 
>12  years)  fish.  Age  12  is  approximately 
the  age  at  which  female  sablefish  were 
100%  mature  in  most  maturity  curves  in 
our  study.  Differing  values  of  the  num- 
ber of  eggs  per  gram  of  sample  weight 
would  indicate  a larger  egg  size  for  one 
age  group.  Additionally,  the  relationship 
between  relative  fecundity  (the  number 
of  mature  oocytes  per  gram  of  ovary-free 
fish  weight)  and  age  was  examined  for  in- 
dications that  relative  reproductive  out- 
put changes  with  increasing  age. 

Gonad  weight  in  relation  to  body 
weight  (gonadosomatic  index  [GSI],  go- 
nad weight/body  weightxlO)  of  fish  that 
would  skip  spawning,  as  well  as  spawn- 
ing and  immature  fish  was  determined  to 
see  if  it  could  be  used  to  predict  spawn- 
ing status  during  the  winter. 

Results 

Distribution  of  fish  on  shelf  and  slope 

Because  of  weather,  sampling  in  the  win- 
ter of  2011  was  restricted  primarily  to 
the  shelf;  there  were  37  tows  on  the  shelf 
and  4 tows  on  the  slope.  In  total,  393  fe- 
male sablefish  were  sampled:  320  on  the  shelf  and  73 
on  the  slope.  The  majority  of  fish  from  the  shelf  were 
smaller  and  younger  than  those  sampled  on  the  slope 
(Fig.  1).  The  average  total  length  of  fish  was  628  mm 
on  the  shelf  and  747  mm  on  the  slope.  Of  the  samples 
from  the  shelf,  90%  (290  of  320)  were  age  1-7;  15%  (11 
of  73)  of  the  samples  taken  on  the  slope  were  age  2-7, 
and  no  age-1  fish  were  collected  on  the  slope. 

Maturity  classification  for  fish  sampled  during  the  winter 

Ovarian  development  was  uniform  throughout  both 
ovaries  for  individual  fish.  Oocyte  stages  were  consis- 
tent within  the  33  specimens  that  were  assessed  at  3 
regions  in  both  ovaries.  Development  of  both  ovaries 
was  the  same  in  the  188  specimens  for  which  samples 
were  taken  from  the  posterior  end  of  both  ovaries.  Im- 
mature gonads  contained  only  primary  growth  oocytes 
and  macroscopically  looked  thin  and  tubular  and  had  a 
pinkish  hue.  Gonads  were  easily  determined  to  be  ma- 
ture on  the  basis  of  the  presence  of  mature,  advanced 
vitellogenic  oocytes  (Table  1).  Without  the  aid  of  histo- 
logical examination,  it  could  be  seen  that  these  ovaries 


were  engorged  with  white,  opaque  oocytes  (Table  1). 
The  cortical  alveoli  stage  was  absent  from  all  ovaries. 

The  second  category  of  mature  fish  was  composed  of 
fish  that  would  skip  spawning.  These  fish  had  a much 
thicker  tunica  than  immature  fish  and  sometimes  con- 
tained atretic  primary  growth  oocytes  that  had  mean 
wall  width  of  35  pm  (95%  confidence  intervals  [Cl]  30- 
41)  for  immature  fish  and  of  318  pm  (95%  Cl  267-370) 
for  fish  that  would  skip  spawning  (Fig.  2).  They  also 
had  thick  stroma  and  blood  vessels  in  the  lamellae  be- 
tween oocytes,  whereas  immature  ovaries  had  tightly 
packed  oocytes  with  little  tissue  in  between.  These 
characteristics  indicated  that  sablefish  exhibit  the  rest- 
ing type  of  skipped  spawning,  in  which  vitellogenic  oo- 
cytes are  not  produced.  Macroscopically,  fish  that  would 
skip  spawning  had  small  ovaries,  more  similar  in  size 
to  an  immature  ovary  than  to  an  ovary  with  yolked 
oocytes,  but  they  were  more  flaccid  than  immature  ova- 
ries and  had  a red  coloration.  Without  adequate  experi- 
ence, or  the  aid  of  histological  examination,  fish  that 
would  skip  spawning  could  be  mistaken  easily  for  im- 
mature fish. 

Of  110  mature  fish,  23  fish  (21%)  were  fish  that 
would  skip  spawning  (here,  the  number  of  mature  fish 
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Figure  2 

Histological  preparations  of  thin  sections  of  ovaries  from  sablefish  ( Anoplopoma  fimbria ) sampled  in  the 
central  Gulf  of  Alaska  in  December  2011.  (A)  An  ovarian  section  from  an  immature  fish  that  has  a thin 
ovarian  wall  and  thin  lamellae  without  blood  vessels.  (B)  An  ovarian  section  from  a fish  that  will  skip 
spawning  and  has  a thicker  ovarian  wall,  thicker  lamellae  that  surround  the  oocytes,  and  many  blood  ves- 
sels. In  both  specimens,  there  are  no  maturing,  vitellogenic  oocytes. 


was  the  sum  of  the  numbers  of  those  that  would  skip 
spawning  and  fish  that  would  spawn  in  the  current 
season).  The  great  majority  of  those  that  would  skip 
spawning  (20  out  of  23,  87%)  were  caught  on  the  shelf, 
specifically  in  troughs  at  stations  adjacent  to  the  slope. 
Most  of  the  fish  on  the  slope  were  mature  (fish  that 
would  either  spawn  or  skip  spawning,  90%),  but  only 
4.5%  of  mature  fish  were  fish  that  would  skip  spawn- 
ing (3  of  63).  Only  14%  of  the  fish  on  the  shelf  were 
mature  and  43%  of  these  mature  fish  (19  out  of  44) 
were  fish  that  would  skip  spawning.  Skipped  spawn- 
ing was  observed  in  fish  ranging  in  age  from  4 to  17 
years,  although  sample  sizes  for  fish  (both  mature  and 
immature)  >17  years  of  age  were  often  limited  to  1 or 
2 fish.  There  was  a significant,  positive  correlation  be- 
tween age  and  the  proportion  of  mature  fish  that  would 
skip  spawning  on  the  shelf,  where  the  great  majority 
of  those  that  would  skip  spawning  were  found  (Fig.  3). 
For  that  analysis,  only  fish  that  were  age  4 and  older 
were  included,  because  that  age  was  the  first  age  at 
which  skipped  spawning  was  observed;  in  addition, 
only  those  ages  that  had  a sample  size  of  at  least  2 
fish  were  included  (ages  4-15)  (Fig.  3). 

Age  at  maturity 

The  age  at  maturity  of  sablefish  on  the  shelf  when  fish 
that  would  skip  spawning  were  classified  as  mature 
was  dramatically  different  from  the  age  at  maturity 
when  fish  that  would  skip  spawning  were  classified 
as  immature  (Fig.  4A).  The  95%  Cl  of  each  maturity 
curve  did  not  encompass  the  other  curve.  Classifying 
fish  that  would  skip  spawning  as  mature  increased  the 


proportion  of  fish  mature  at  age.  On  the  slope,  age  at 
maturity  was  also  higher  when  fish  that  would  skip 
spawning  were  classified  as  mature;  however,  there 
was  not  a significant  difference  (Fig.  4B).  The  large  CIs 
for  slope  data  can  be  at  least  partially  attributed  to 
smaller  sample  sizes. 

As  with  maturity  data  collected  on  the  shelf,  the  age 
at  maturity  of  the  pooled  samples  was  significantly  dif- 
ferent when  fish  that  would  skip  spawning  were  clas- 
sified as  mature  as  opposed  to  immature  (Fig.  4C,  solid 
lines).  The  050%  was  6.8  years  when  fish  that  would 
skip  spawning  were  classified  as  mature,  compared 
with  9.9  years  when  they  were  classified  as  immature 
(Fig.  4C,  solid  lines).  When  fish  that  would  skip  spawn- 
ing were  classified  as  immature,  ages  at  maturity  on 
the  slope  and  shelf  were  different.  Pooled  age  at  ma- 
turity was  intermediate  between  the  slope  and  shelf 
(Fig.  4C,  gray  lines).  When  fish  that  would  skip  spawn- 
ing were  classified  as  mature,  age  at  maturity  on  the 
shelf  and  slope  matched  closely  (Fig.  4C,  black  lines). 
The  similarity  between  the  2 age-at-maturity  curves 
indicates  that  fish  in  both  habitats  are  mature  at  the 
same  age  but  that  the  majority  of  fish  that  would  skip 
spawning  reside  on  the  shelf,  at  least  during  winter. 
When  fish  that  would  skip  spawning  were  classified  as 
either  mature  or  immature,  the  pooled  data  were  clos- 
er in  value  to  the  shelf  data  because  there  were  more 
samples  on  the  shelf. 

The  logistic  model  fits  to  the  age-at-maturity  data 
from  AFSC  annual  summer  longline  surveys  were  vari- 
able; «5Q%  ranged  from  5.5  to  8.6  years  and  the  slope 
parameters  ranged  from  0.6  to  1.3  (Fig.  5A).  In  the 
winter  survey,  the  proportion  of  mature  fish  at  age  was 
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Figure  3 

Proportion  of  mature  female  sablefish  ( Anoplopoma  fimbria)  by  age 
that  would  skip  spawning  on  the  continental  shelf  in  the  central 
Gulf  of  Alaska  in  December  2011.  Immature  fish  are  not  included. 
The  great  majority  of  fish  that  would  skip  spawning  were  found  on 
the  shelf.  The  correlation  coefficient  (r)  with  its  associated  P-value 
is  also  provided. 


more  similar  to  the  proportion  in  the  annual  summer 
longline  surveys,  when  fish  that  would  skip  spawning 
were  classified  as  mature,  than  when  they  were  classi- 
fied as  immature  (Fig.  5A).  When  fish  that  would  skip 
spawning  were  classified  as  mature  (Fig.  5A,  black 
line),  the  annual  estimates  of  maturity  from  the  sum- 
mer longline  surveys  were  similar  to  the  estimates 
from  the  winter  survey  at  moderate  ages  (Fig.  5A). 
At  younger  ages,  the  annual  estimates  of  the  propor- 
tion of  mature  fish  from  summer  surveys  were  higher 
than  the  estimates  from  the  winter  survey;  conversely, 
at  older  ages,  the  proportion  of  mature  fish  was  lower 
in  estimates  from  the  summer  survey.  When  fish  that 
would  skip  spawning  were  classified  as  immature  in 
the  winter  survey  (Fig.  5A,  gray  line),  the  estimated 
proportions  of  mature  fish  at  each  age  from  the  sum- 
mer surveys  were  discernibly  higher  in  all  years  (Fig. 
5A). 

The  logistic  curve  fitted  to  samples  taken  during  the 
summer  of  2011,  the  year  in  which  the  winter  survey 
occurred,  was  intermediate  between  the  curves  from 
the  winter  where  fish  that  would  skip  spawning  were 
classified  as  mature  and  the  curve  where  fish  that 
would  skip  spawning  were  classified  as  immature,  and 
the  fit  was  dissimilar  to  both,  especially  at  moderate 
ages  (Fig.  5B,  Table  2).  The  050%  was  6.8  years  in  the 
winter  when  fish  that  would  skip  spawning  were  classi- 


fied as  mature,  8.0  years  for  samples  collect- 
ed during  the  summer,  and  9.9  years  in  the 
winter  when  fish  that  would  skip  spawning 
were  classified  as  immature.  Unlike  the  ma- 
jority of  curves  based  on  data  from  the  an- 
nual summer  longline  surveys,  estimates  of 
the  proportion  of  mature  fish  in  the  summer 
of  2011  were  very  similar  to  those  from  the 
winter  at  young  ages  (Fig.  5B).  The  differ- 
ence in  the  curves  based  on  data  from  the 
winter  and  summer  surveys  conducted  in 
2011  can  be  attributed  more  to  a difference 
in  050%  than  to  a difference  in  slope. 

The  estimates  of  maturity  at  age  current- 
ly used  in  the  stock  assessment  for  sablefish 
in  Alaska,  determined  from  samples  taken 
during  the  summer  in  the  early  1980s,  were 
higher  than  the  estimates  from  the  winter 
survey  at  younger  ages  (6  years),  when  fish 
that  would  skip  spawning  were  classified  as 
mature  (Fig.  50,  but  were  similar  at  older 
ages.  The  pooled  maturity  at  age  for  fish 
captured  during  the  summer  longline  sur- 
veys (from  1996  to  2012)  was  also  higher  at 
younger  ages,  but  it  was  lower  at  older  ages 
(Fig.  50.  This  pattern  can  be  attributed 
primarily  to  differing  slopes  (Table  2).  This 
trend  is  the  same  one  that  was  apparent  in 
the  majority  of  curves  fitted  to  data  from 
the  annual  summer  longline  surveys  (Fig. 
5A).  The  age-at-maturity  values  currently 
used  in  the  stock  assessment  of  sablefish  in 
Alaska  and  the  mean  age  at  maturity  from 
the  annual  summer  longline  surveys  were  much  higher 
than  the  values  from  the  winter  survey,  when  fish  that 
would  skip  spawning  were  classified  as  immature  (Fig. 
50. 

Biomass  and  target-fishing  reference  points 

The  estimates  of  SSB  were  similar  when  the  Alaska 
sablefish  population  model  was  run  with  the  matu- 
rity curve  fitted  to  data  from  the  winter  survey  con- 
ducted in  2011  (when  fish  that  would  skip  spawning 
were  classified  as  mature),  the  mean  age  at  maturity 
across  all  summer  longline  surveys,  or  the  maturity 
curve  currently  used  in  stock  assessment  (base  mod- 
el) (Fig.  5).  Estimates  of  SSB  were  lower  when  ma- 
turity data  were  used  from  the  summer  longline  sur- 
vey conducted  in  2011,  and  lowest  when  data  were 
used  from  the  winter  survey  conducted  in  2011  and 
fish  that  would  skip  spawning  were  classified  as  im- 
mature (Fig.  6).  Compared  with  the  base  model,  the 
maturity  curves  based  on  data  from  winter  and  sum- 
mer 2011  caused  larger  dips  in  SSB  in  years  when 
model  projections  included  large  recruitment.  The 
dips  in  SSB  occurred  because  these  maturity  curves 
had  lower  estimates  for  the  proportion  of  mature  fish 
at  young  ages,  and  such  low  proportions  translate  to 
fewer  mature  fish  when  there  are  more  young  fish 
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Figure  4 

Observed  and  estimated  maturity  at  age  of  female  sablefish  ( Anoplopoma  fimbria) 
collected  in  the  winter  of  December  2011  on  the  (A)  continental  shelf,  (B)  slope,  or  (C) 
both  shelf  and  slope  (pooled).  Fish  that  would  skip  spawning  were  classified  as  either 
mature  (black  points  and  lines)  or  immature  (gray  points  and  lines).  Larger,  gray 
points  indicate  that  data  did  not  differ  at  that  age  because  there  were  no  fish  that 
were  going  to  skip  spawning.  Logistic  regression  models  and  95%  confidence  intervals 
at  each  age  are  presented.  In  panel  C,  solid  lines  indicate  the  age  at  maturity  for  the 
pooled  samples.  The  maturity  curves  (dashed  lines)  for  the  shelf  and  slope,  from  pan- 
els A and  B respectively,  are  also  included  in  panel  C for  a comparison  with  pooled 
data.  The  x-axis  was  truncated  at  age  20  because  the  proportion  mature  at  ages  older 
than  20  all  remained  at  100%  and  had  increasingly  small  confidence  intervals. 


in  the  population.  The  ^40%  in  the  most  recent  year 
(2013)  followed  the  same  pattern:  the  value  from  the 
base  model,  the  mean  of  summer  longline  surveys, 
and  value  from  the  winter  survey  (when  SS  were 
classified  as  mature)  were  similar:  9.40%,  9.45%,  and 
9.30%,  respectively.  The  data  from  the  summer  long- 
line  survey  conducted  in  2011  provided  a lower  esti- 
mate (8.45%),  and  the  estimate  from  the  winter  sur- 
vey (when  fish  that  would  skip  spawning  were  clas- 
sified as  immature)  was  the  lowest  (7.45%).  A lower 
F 4.0%  translates  to  more  conservative  management 
and  lower  allowable  catches. 


Fecundity 

Fecundity  was  calculated  for  47  sablefish.  Total  fecun- 
dity, measured  as  the  total  number  of  oocytes  per  fish 
that  will  be  spawned  in  the  current  season,  ranged 
from  214,577  to  900,700.  There  was  no  evidence  of 
batch  spawning  (postovulatory  follicles)  or  atresia  in 
any  ovaries  containing  maturing,  vitellogenic  oocytes. 
The  mean  number  of  oocytes  per  gram  of  sample 
weight  was  significantly  higher  for  younger  fish  (ages 
< 12 ),  with  a mean  of  10,667  (standard  error  [SE]  467) 
than  for  older  fish  (ages  >12),  with  a mean  of  8804  (SE 
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Age  (yr) 

Figure  5 

Logistic  regression  model  fitted  to  the  proportion  of  female  sablefish  (Anoplopoma 
fimbria)  mature  at  age  based  on  data  from  a survey  conducted  in  winter  (December 
2011)  (all  graphs),  (A)  on  data  from  annual  summer  longline  surveys  conducted  by 
the  NOAA  Alaska  Fisheries  Science  Center  in  1996-2012,  (B)  on  the  maturity-at-age 
data  currently  used  in  the  Alaska  sablefish  stock  assessment,  and  (C)  on  the  mean 
maturity  at  age  data  collected  from  annual  summer  longline  surveys  (mean  of  annual 
estimates  in  panel  A).  Graph  B provides  a comparison  of  data  collected  in  surveys  con- 
ducted in  summer  with  data  collected  in  winter  2011.  Fish  that  would  skip  spawning 
were  classified  as  either  mature  or  immature  and  were  identified  only  in  the  winter. 


231)  (t-test  assuming  unequal  variance:  P=0.001),  indi- 
cating that,  on  average,  younger  fish  have  smaller  ma- 
turing oocytes.  The  range  in  number  of  eggs  per  gram 
of  sample  weight  was  greater  for  younger  fish  than  for 
older  fish. 

The  relationship  between  relative  fecundity  and  age 
was  not  significant.  Very  little  of  the  variation  in  fe- 
cundity was  explained  by  age  (coefficient  of  determina- 
tion [r2]=0.02),  and  the  regression  was  not  significant 
(slope:  -0.49,  P=0.37;  intercept=123).  Relative  fecun- 
dity ranged  from  66  to  205  per  gram. 

The  GSI  of  fish  that  would  spawn  (mean=7.361,  95% 
lower  confidence  interval  [LCI]=6.908,  95%  upper  con- 
fidence interval  [UCI]=7.814)  was  much  higher  than 
the  GSI  of  fish  that  would  skip  spawning  (mean=1.064, 
95%  LCI=0.936,  95%  UCI=1.191)  and  of  immature  fish 


(mean=0.486,  95%  LCI=0.471,  95%  UCI=0.502).  Fish 
that  would  skip  spawning  had  a higher  GSI  than  im- 
mature fish  (there  was  no  overlap  of  the  95%  CIs), 
although  there  was  some  overlap  in  the  raw  data 
(skipped  spawning  range=0. 486-1. 659;  immature 
range=0. 145-1. 110) 

Discussion 

We  found  that  the  logistic  models  that  were  fitted  to 
the  pooled  age-at-maturity  data  collected  during  sum- 
mer longline  surveys  and  to  the  data  currently  used  in 
the  stock  assessment,  also  collected  during  the  sum- 
mer, were  similar  to  the  maturity  curve  from  the  win- 
ter data,  when  fish  that  would  skip  spawning  were 
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Table  2 

Slope  and  age  at  50%  maturity  (050%)  determined  from  logistic  models  of  age  at  ma- 
turity for  female  sablefish  (Anoplopoma  fimbria)  sampled  before  spawning  during 
winter  (in  December  2011)  in  the  central  Gulf  of  Alaska,  during  summer  (May-Au- 
gust), 1996-2012,  in  the  central  Gulf  of  Alaska,  and  during  the  summer,  1978-1983, 
in  the  Gulf  of  Alaska.  For  the  winter  surveys,  fish  that  would  skip  spawning  were 
classified  as  either  mature  (m)  or  immature  (i).  Fish  that  would  skip  spawning  were 
not  looked  for  in  the  summer. 


Survey 

Year 

Slope 

<250 

Winter  (m) 

2011 

1.14 

6.77 

Winter  (i) 

2011 

0.56 

9.88 

Summer 

2011 

0.76 

7.97 

Current  assessment 

1978-1983 

0.84 

6.60 

Mean  (summer  longline  survey) 

1996-2012 

0.70 

6.98 

Range  (summer  longline  survey  range) 

1996-2012 

0.60-1.30 

5. 5-8.6 

classified  as  mature.  Additionally,  the  050%  parameters 
of  these  logistic  models  (ranging  from  6.60  to  6.98 
years)  were  very  similar  to  recent  estimates  of  age  at 
maturity  from  the  U.S.  West  Coast  that  were  based  on 
histological  findings  (6.86  years)  (Head  et  al.,  2014).  It 
is  unknown  if  any  fish  that  would  skip  spawning  were 
sampled  in  those  studies.  In  our  study,  the  small  differ- 
ences in  the  maturity  curves  at  young  ages  caused  dif- 
ferences in  estimates  of  female  SSB  when  there  were 
larger  than  average  recruitment  classes  (see  Hansel- 
man  et  al.  2 for  a time  series  of  recruitment).  A lower 
SSB  translated  to  lower  fishing  rates  (F^%).  Compared 
with  data  that  are  currently  used  in  the  assessment, 
the  data  from  the  surveys  conducted  in  winter  2011 
provided  a slightly  lower  ^40%  when  fish  that  would 
skip  spawning  were  classified  as  mature  (0.18%)  and 
an  F 40%  that  was  1.95%  lower  when  these  fish  were 
classified  as  immature.  A similar  situation  has  been 
reported  for  Atlantic  cod,  where  an  overestimation  of 
egg  production,  by  8-41%,  resulted  from  not  accounting 
for  fish  that  had  skipped  spawning  (Rideout  and  Rose, 
2006).  For  both  species  this  reduction  in  SSB  should 
result  in  a lower  allowable  biological  catch. 

For  all  maturity  curves  in  this  study,  we  used  the 
standard  model  (i.e.,  a logistic  function  with  asymptote 
at  100%).  The  standard  model  was  chosen  because  it 
illustrates  how  differences  in  age  at  maturity  would 
impact  sablefish  management  if  current  methods  were 
used.  Although  we  found  that  skipped  spawning  in- 
creases with  age,  our  data  do  not  necessarily  negate 
the  use  of  the  standard  logistic  model.  The  standard 
model  still  could  be  applicable  because  the  increase  in 
skipped  spawning  occurred  at  younger  ages  (4-15),  the 
logistic  curves  reached  100%  around  age  12  (close  to 
age  15),  and  fish  commonly  reach  ages  >50.  There  are 
many  potential  methods  for  incorporating  the  loss  in  re- 
productive output  due  to  skipped  spawning  depending 
on  how  skipped  spawning  is  related  to  age,  the  longev- 
ity of  the  species  of  interest,  and  the  annual  or  spatial 


variability  in  skipped  spawn- 
ing (e.g.,  Secor,  2008;  Brooks, 
2013).  As  more  data  on  the 
consistency  of  skipped  spawn- 
ing in  the  sablefish  population 
in  Alaska  become  available,  a 
complete  evaluation  of  alter- 
native methods  for  incorporat- 
ing skipped  spawning  into  the 
assessment  is  warranted. 

The  most  direct  comparison 
of  estimates  of  age  at  maturi- 
ty for  summer  and  winter  was 
between  the  samples  collected 
in  the  winter  and  summer  of 
2011.  The  data  from  summer 
2011  provided  estimates  of  the 
proportion  of  mature  fish  at 
age  that  were  similar  to  the 
values  based  on  data  from  the 
winter  survey  for  fish  at  young 
ages  (<5  years)  and  that  were  intermediate  between 
the  2 winter  curves  for  fish  at  ages  5-13  years.  Use  of 
the  maturity  curve  based  on  data  from  summer  2011, 
therefore,  produced  estimates  of  SSB,  and  ^40%  that 
were  also  intermediate.  It  is  possible  that  during  the 
summer  some  fish  that  would  skip  spawning  during 
the  upcoming  winter  were  classified  as  mature  and 
some  as  immature,  and  that  is  why  the  resulting  sum- 
mer curve  was  intermediate.  It  is  also  possible  that 
fewer  fish  that  would  skip  spawning  were  encountered 
during  the  summer  surveys.  The  winter  survey  cov- 
ered areas  on  the  shelf  that  were  not  covered  by  the 
summer  longline  survey  in  2011,  and  the  shelf  was  the 
area  where  the  majority  of  these  fish  were  found  in  the 
winter.  More  winter  sampling  is  needed  for  comparison 
of  winter  data  with  summer  data  to  determine  whether 
the  difference  we  saw  in  data  for  2011  is  consistent 
over  time. 

It  is  important  to  note  that  we  pooled  samples 
from  the  shelf  and  slope  to  produce  an  overall  matu- 
rity curve.  To  test  for  any  bias  due  to  disproportionate 
sampling  in  relation  to  the  distribution  of  the  popu- 
lation, we  weighted  our  calculations  according  to  the 
abundance  of  fish  in  each  area;  abundance  values  were 
calculated  with  data  from  AFSC  bottom  trawl  surveys 
conducted  in  summer.  There  was  little  difference  be- 
tween the  values  from  these  calculations  and  the  un- 
weighted results,  indicating  that  our  results  are  reflec- 
tive of  the  population  in  Alaska  as  a whole. 

Movement  and  habitat  use  during  the  spawning 
season  have  been  reported  to  indicate  whether  a fish 
is  spawning  or  has  skipped  spawning  for  Pacific  hali- 
but (Loher  and  Seitz,  2008)  and  Atlantic  cod  (Hussy  et 
al.,  2009;  Jonsdottir  et  al.,  2014).  Sablefish  are  highly 
migratory  throughout  their  lives;  in  Alaska,  11%  of 
tagged  fish  have  been  recovered  at  locations  more  than 
2000  km  from  their  release  sites  (Echave  et  al.,  2013). 
However,  preliminary  data  from  tagging  sablefish  dur- 
ing the  winter  survey  in  2011  indicate  that  sablefish  do 
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Figure  6 

Ratio  of  the  estimates  of  spawning  stock  biomass  (SSB)  when  different  female  maturity 
curves  were  incorporated  into  the  population  model  for  sablefish  (Anoplopoma  fimbria ) in 
Alaska  in  relation  to  the  SSB  when  maturity  data  currently  used  in  the  stock  assessment 
of  sablefish  (base  SSB)  are  used.  The  maturity  curves  used  in  the  model  included  data  col- 
lected in  winter  2011  when  fish  that  would  skip  spawning  were  classified  as  mature  (Win- 
terSSM), in  winter  2011  when  fish  that  would  skip  spawning  were  classified  as  immature 
(WinterSSI),  in  2011  during  the  annual  summer  longline  survey  conducted  by  the  NOAA 
Alaska  Fisheries  Science  Center  (AFSC)  (LL2011),  and  the  mean  of  data  collected  during 
AFSC  annual  summer  longline  surveys,  1996-2012. 


not  move  large  distances  during  the  spawning  season. 
During  the  winter  survey,  we  deployed  popoff  satellite 
tags  on  4 fish  >850  mm  in  fork  length.  We  assumed 
that  the  tagged  fish  were  female  because,  in  summer 
longline  surveys,  only  0.5%  of  fish  >850  mm  in  fork 
length  have  been  male.  Tags  were  preprogrammed  to 
pop  off  fish  within  the  current  spawning  season  (35-52 
days  after  release),  and  the  geolocation  of  a tag  was  re- 
corded when  it  was  released  from  a fish.  The  2 fish  that 
were  released  where  they  were  caught  on  the  shelf  re- 
mained within  1 km  of  their  tagging  location,  and  the 
2 fish  that  were  captured  on  the  slope  but  released  75 
km  away  on  the  shelf  moved  to  locations  in  the  vicinity 
of  their  capture  site  (within  0.5  km  or  9 km). 

As  with  Pacific  halibut  and  Atlantic  cod,  habitat  use 
by  sablefish  during  the  spawning  season  may  be  re- 
lated to  spawning.  Data  on  sablefish  movement  in  the 
winter  is  greatly  lacking  because  there  are  no  surveys 
or  directed  fisheries  in  the  winter.  The  use  of  popoff 
satellite  tags  enables  research  on  movement  to  occur 
during  this  period.  Future  research  on  habitat  use  and 
movement  related  to  spawning  of  sablefish  is  badly 
needed  both  for  identifying  spawning  areas  and  for 
tracking  the  movement  of  fish  that  skipped  spawning 
and  those  that  spawned. 


Rates  of  skipped  spawning  are  highly  variable 
among  species;  a range  from  9%  to  86%  has  been  re- 
ported in  21  freshwater  and  marine  species  (reviewed 
in  Secor,  2008).  Rates  are  higher  for  species  that  have 
to  make  large-scale,  energetically  costly  migrations  be- 
cause fish  that  skip  spawning  can  forgo  these  migra- 
tions. Skipped  spawning  rates  are  also  hypothesized  to 
be  higher  for  long-lived  species  because  they  have  the 
ability  to  skip  spawning  to  increase  their  survival  and 
growth  and,  thereby,  to  maximize  their  lifetime  repro- 
ductive output  (Rideout  et  ah,  2005).  For  example,  stur- 
geons (Acipenseridae),  Pacific  halibut,  and  Atlantic  cod 
are  long-lived  fish  that  make  large-scale  spawning  mi- 
grations and  have  skipped  spawning  rates  of  10-86% 
(Loher  and  Seitz,  2008;  Skjaeraasen  et  al.,  2012;  Kuha- 
jda,  2014).  Sablefish  move  long  distances  during  their 
lives,  but  it  is  unknown  whether  their  movements  are 
related  to  spawning.  However,  they  are  long-lived  and 
have  a maximum  age  similar  to  that  of  other  species 
that  skip  spawning. 

Skipped  spawning  is  related  to  energy  reserves  (i.e., 
relative  liver  weight)  and  body  condition  (the  ratio  of 
body  weight  to  length)  for  Atlantic  cod,  and  rates  of 
skipped  spawning  can  vary  by  year  (Skjaeraasen  et  al., 
2009;  Skjaeraasen  et  al.,  2012).  Both  of  these  factors 
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indicate  that  skipped  spawning  rates  may  be  related 
to  annual  environmental  conditions  and  that  skipped 
spawning  should  be  monitored  in  the  future  before  any 
conclusions  are  made  on  rates  in  the  Alaska  population 
of  sablefish.  Measurements  of  relative  liver  size  during 
the  summer  may  be  a good  indicator  of  whether  a sa- 
blefish will  spawn  in  the  coming  winter;  relative  liver 
size  could  prove  to  be  a good  alternative  to  histological 
analysis  during  the  summer.  We  intend  to  explore  the 
relationship  between  energy  reserves,  spawning,  and 
egg  production  in  the  future  by  sampling  both  during 
summer  longline  surveys  and  during  the  winter  pre- 
spawning period. 

Maturity  status  determined  during  the  summer  may 
be  reasonably  close  to  that  determined  from  observa- 
tions made  in  the  winter,  but  maturity  values  based  on 
summer  longline  surveys  are  not  as  accurate.  The  vari- 
ability we  observed  in  the  estimates  from  annual  sum- 
mer longline  surveys  may  be  attributed  to  sample  size, 
subjectivity  of  maturity  classification,  or  fluctuations  in 
the  age  at  maturity  or  skipped  spawning.  Inaccuracy 
in  estimates  from  summer  longline  surveys  could  also 
be  the  result  of  survey  timing;  some  fish  macroscopi- 
cally  classified  as  immature  during  summer  surveys 
may  become  visibly  mature  later  in  the  fall  and  win- 
ter, closer  to  spawning.  Another  factor  that  may  have 
caused  inaccuracy  in  estimates  is  that  examination  for 
skipped  spawning  was  not  part  of  the  sampling  proto- 
col on  summer  sampling  cruises. 

It  is  unknown  when  fish  that  would  skip  spawning 
stop  progressing  in  development  and  become  distin- 
guishable from  spawning  fish.  For  example,  in  Atlan- 
tic cod,  fish  that  would  skip  spawning  could  be  distin- 
guished histologically  at  approximately  3 months  be- 
fore spawning  but  not  before  (Skjaeraasen  et  al.,  2009). 
If  sablefish  have  a similar  development  time,  this  pe- 
riod for  distinguishing  fish  that  would  skip  spawning 
would  fall  around  October  or  November,  a time  that 
is  several  months  after  the  end  of  the  annual  sum- 
mer longline  surveys.  In  the  future,  it  will  be  impor- 
tant to  determine  the  months  when  immature,  skipped 
spawning,  and  prespawning  sablefish  can  be  differenti- 
ated from  one  another — in  order  to  accurately  classify 
maturity  during  portions  of  summer  longline  surveys, 
which  extend  from  May  through  August.  Because  they 
exhibited  the  resting  type  of  skipped  spawning  and 
never  developed  maturing  oocytes,  fish  that  will  skip 
spawning  can  be  identified  by  the  absence  of  vitellogen- 
ic oocytes  and  a thick  ovarian  wall.  Sablefish  that  will 
spawn  may  also  have  greater  energy  reserves  before 
spawning;  therefore,  measurements  of  body  condition 
and  relative  liver  weight  may  be  useful  for  predicting 
spawning  (as  seen  in  Atlantic  cod,  Skjaeraasen  et  al., 
2009;  Skjaeraasen  et  al.,  2012). 

The  GSI  of  fish  that  would  skip  spawning  and  im- 
mature fish  were  significantly  different  for  sablefish  in 
this  study.  The  observation  of  such  a difference  may 
not  be  useful  in  other  species;  for  example,  GSI  could 
not  be  used  to  separate  skipped  spawning  and  imma- 
ture Atlantic  cod  (Skjaeraasen  et  al.,  2012).  However, 


this  measurement  holds  great  promise  for  separating 
immature  from  skipped  spawning  sablefish.  Although 
both  of  these  maturity  categories  showed  only  early 
developing,  immature  oocytes,  the  additional  tissue, 
such  as  stroma,  blood  vessels,  and  ovarian  wall,  that 
we  found  in  the  ovaries  of  fish  that  would  skip  spawn- 
ing, is  likely  to  contribute  to  the  difference  observed  in 
GSI  values.  More  data  is  needed  on  the  GSI  of  fish  that 
skip  spawning  to  improve  our  confidence  in  the  use  of 
GSI  as  a tool  for  determining  maturity. 

Comparing  the  maturity  data  from  the  annual  sum- 
mer longline  surveys  conducted  in  the  Gulf  of  Alaska, 
the  Aleutian  Islands,  and  the  eastern  Bering  Sea  would 
be  beneficial  because  each  fixed  station  is  sampled  on 
the  same  date  each  year.  Differences  in  estimates  of 
age  at  maturity  for  sablefish  from  these  areas  may  be 
a function  of  the  phase  of  the  reproductive  cycle  when 
fish  were  collected.  For  example,  the  Bering  Sea  is  sam- 
pled in  early  June,  whereas  the  western  Gulf  of  Alaska 
is  sampled  in  late  August.  Ovaries  sampled  in  late  Au- 
gust will  be  more  developed  and  are  likely  to  result  in 
different  estimates  of  age  at  maturity.  Because  of  the 
bias  that  may  be  introduced  as  a result  of  sampling 
date,  winter  sampling  in  multiple  areas  also  is  needed 
to  determine  whether  there  is  truly  geographic  vari- 
ability in  maturity  at  age  and  skipped  spawning.  Dif- 
ferences in  the  age  and  length  at  maturity  have  been 
documented  in  sablefish  off  the  coast  of  the  United 
States,  south  of  Canada  (Head  et  al.,  2014);  therefore, 
it  will  be  important  to  consider  geographic  differences 
farther  north  in  Alaska  as  well. 

Our  estimates  of  fecundity  were  similar  to  those  for 
sablefish  off  California  (Hunter  et  al.,  1989),  but  they 
were  higher  than  estimates  from  a study  off  of  British 
Columbia,  Canada  (Mason  et  al.,  1983).  We  compared 
the  fecundity  of  females  that  were  700  mm  in  total 
length  in  our  study  with  fecundity  determined  from 
other  studies  because  this  length  is  approximately  the 
average  female  size  in  the  longline  fishery  for  sablefish 
in  Alaska  (Hanselman  et  al.  2).  The  average  fecundity 
for  females  700  mm  in  total  length  was  412,000  eggs — 
a level  that  was  very  similar  to  an  estimate  from  Cali- 
fornia of  416,000  eggs  (Hunter  et  al.,  1989)  but  more 
than  double  the  estimate  of  182,000  eggs  from  the  Brit- 
ish Columbia  study  (Mason  et  al.,  1983).  A microscopic 
examination  of  ovarian  tissue  samples  for  evidence 
of  postovulatory  follicles  was  not  undertaken  in  the 
Canadian  study;  therefore,  batch  spawning  may  have 
occurred  but  was  undetected.  If  batch  spawning  oc- 
curred, it  would  decrease  the  estimated  total  fecundity 
and  would  explain  why  other  studies  found  higher  es- 
timates. Batch  spawning  was  documented  for  sablefish 
off  central  California  (Hunter  et  al.,  1989)  and  likely 
also  occurs  in  other  geographic  areas. 

We  found  no  significant  relationship  between  rela- 
tive fecundity  and  age.  This  verifies  the  assumption 
made  in  the  Alaska  sablefish  population  model  that 
relative  reproductive  output  is  linearly  related  to  fe- 
male spawning  biomass  and  does  not  change  with  age. 
There  were  few  fish  older  than  25  years  (3  fish  out  of 
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47)  (sablefish  maximum  age  is  reported  to  be  94  years 
[Kimura  et  ai.  1998]);  data  from  older  fisb  are  needed 
to  further  test  this  model  assumption. 

Although  the  relative  reproductive  output  did  not  in- 
crease with  age,  mature  oocyte  size  did.  Mature  oocyte 
size  could  have  increased  with  age  because  older  fe- 
males have  more  energy  reserves  for  reproduction  than 
have  younger  females.  These  energy  reserves  could  be 
contributed  to  development  of  oocytes,  and  more  energy 
put  to  that  end  would  result  in  larger  oocytes.  If  larger 
eggs  in  sablefish  increase  larval  fitness,  older  females 
(>12  years,  the  age  at  which  almost  100%  of  fish  are 
mature)  may  contribute  more  to  the  population  than 
do  younger  females.  For  example,  an  increase  in  energy 
reserves  and  survival  of  larval  black  rockfish  ( Sebastes 
melanops ) has  been  observed  for  offspring  from  older, 
larger  females  (Berkley  et  al.,  2004).  Alternatively, 
older  females  may  initiate  oocyte  development  earlier 
than  younger  sablefish  and,  therefore,  have  larger  oo- 
cytes. Earlier  development  may  also  indicate  an  ear- 
lier spawning  date  for  older  females,  as  has  been  seen 
in  other  marine  fish  species  (Stark,  2007;  Wright  and 
Trippel,  2009;  Rodgveller  et  al.,  2012).  Mason’s  (1984) 
study  of  sablefish  fecundity  indirectly  supports  the  hy- 
pothesis that  older  females  spawn  earlier  than  younger 
females.  A decrease  in  relative  fecundity  with  length 
could  have  been  caused  by  an  earlier  spawning  time 
of  larger  females.  If  larger  females  initiated  matura- 
tion earlier  than  smaller  females  and  had  spawned  at 
least  1 batch  of  eggs,  the  result  would  be  a decrease  in 
relative  fecundity  with  length.  Mason  may  have  missed 
evidence  of  batch  spawning  in  larger  fish  because  there 
was  no  microscopic  examination  for  classification  of 
ovaries  in  that  study. 

Acknowledgments 

We  thank  Captain  B.  Ashley  and  the  crew  of  the  char- 
tered FV  Gold  Rush.  We  also  thank  our  coworkers  at 
NOAA’s  AFSC:  S.  Kotwicki;  C.  Conrath  for  logistics; 
D.  Anderl  for  aging  otoliths;  G.  Fleischer  and  R Rigby 
for  assistance  with  the  vessel  charter;  and  P.  Rigby,  J. 
Heifetz,  and  D.  Hanselman  for  helpful  reviews. 

Literature  cited 

Berkeley,  S.  A.,  C.  Chapman,  and  S.  M.  Sogard. 

2004.  Maternal  age  as  a determinant  of  larval  growth  and 
survival  in  a marine  fish,  Sebastes  melanops.  Ecology 
85:1258-1264. 

Brooks,  E.  N. 

2013.  Effects  of  variable  reproductive  potential  on  ref- 
erence points  for  fisheries  management.  Fish.  Res. 
138:152-158. 

Burton,  M.  R and  D.  R.  Idler. 

1984.  The  reproductive  cycle  in  winter  flounder,  Pseu- 
dopleuronectes  americanus  (Walbaum).  Can.  J.  Zool. 
62:2563-2567. 


Burton,  M.  P.  M.,  R.  M.  Penney,  and  S.  Biddiscombe. 

1997.  Time  course  of  gametogenesis  in  Northwest  Atlantic 
cod  (Gadus  morhua ).  Can.  J.  Fish.  Aquat.  Sci.  54(suppl. 
11:122-131. 

Echave,  K.,  D.  H.  Hanselman,  and  N.  E.  Maloney. 

2013.  Report  to  industry  on  the  Alaska  sablefish  tag  pro- 
gram, 1972-2012.  NOAA  Tech.  Memo.  NMFS  F/NWC- 
254,  47  p. 

Fargo,  J.,  and  D.  E.  Chilton. 

1987.  Age  validation  for  rock  sole  in  Hecate  Strait,  British 
Columbia.  Trans.  Am.  Fish.  Soc.  116:776-778. 

Fournier,  D.  A.,  H.  J.  Skaug,  J.  Ancheta,  J.  Ianelli,  A.  Magnus- 
son,  M.  N.  Maunder,  A.  Nielsen,  and  J.  Sibert. 

2012.  AD  Model  Builder:  using  automatic  differentia- 
tion for  statistical  inference  of  highly  parameterized 
complex  nonlinear  models.  bOptimiz.  Methods  Softw. 
27:233-249. 

Head,  M.  A.,  A.  A.  Keller,  and  M.  Bradburn. 

2014.  Maturity  and  growth  of  sablefish,  Anoplopoma  fim- 
bria, along  the  U.S.  West  Coast.  Fish. Res.  159:56-67. 

Hislop,  J.  R.  G. 

1988.  The  influence  of  maternal  length  and  age  on  the 
size  and  weight  of  the  eggs  and  the  relative  frequency 
of  the  haddock,  Melanogrammus  aeglefinus,  in  British 
waters.  J.  Fish  Biol.  32:923-930. 

Hunter,  J.  R.,  B.  J.  Macewicz,  and  C.  A.  Kimbrell. 

1989.  Fecundity  and  other  aspects  of  the  reproduction  of 
sablefish,  An oplopom a fimbria , in  central  California  wa- 
ters. CalCOFI  Rep.  30:61-72.  [Available  at  website, 
accessed  July  2014.] 

Hunter,  J.  R.,  B.  J.  Macewicz,  N.  C.-H.  Lo,  and  C.  A.  Kimbrell. 

1992.  Fecundity,  spawning,  and  maturity  of  female  Dover 
sole  Microstomus  pacificus,  with  an  evaluation  of  as- 
sumptions and  precision.  Fish.  Bull.  90:101-128. 

Hussy,  K,  B.  Nielsen,  H.  Mosegaard,  and  L.  W.  Clausen. 

2009.  Using  data  storage  tags  to  link  otolith  macro-struc- 
ture in  Baltic  cod  Gadus  morhua  with  environmental 
conditions.  Mar.  Ecol.  Prog.  Ser.  378:161-170. 

Jonsdottir,  I.  G.,  V.  Thorsteinsson,  O.  K.  Palsson,  G.  G.  Tomas- 
son,  and  C.  Pampoulie. 

2014.  Evidence  of  spawning  skippers  in  Atlantic  cod  from 
data  storage  tags.  Fish.  Res.  156:23-25. 

Kimura,  D.  K.,  and  D.  M.  Anderl. 

2005.  Quality  control  of  age  data  at  the  Alaska  Fisheries 
Science  Center.  Mar.  Freshw.  Res.  56:783-789. 

Kimura,  D.  K.,  D.  M.  Anderi,  and  B.  J.  Goetz. 

2007.  Seasonal  marginal  growth  on  otoliths  of  seven  Alas- 
ka groundfish  species  support  the  existence  of  annual 
patterns.  Alaska  Fish.  Res.  Bull.  12:243-251.  [Avail- 
able at  website,  accessed  April  2015.] 

Kimura,  D.  K.,  A.  M.  Shimada,  and  F.  R.  Shaw. 

1998.  Stock  structure  and  movement  of  tagged  sablefish, 
Anoplopoma  fimbria , in  offshore  northeast  Pacific  waters 
and  the  effects  of  El  Nino-Southern  Oscillation  on  mi- 
gration and  growth.  Fish.  Bull.  96:462-481. 

Kuhajda,  B.  R. 

2014.  Acipenseridae:  Sturgeons.  In  Freshwater  fishes  of 
North  America.  Vol.  1:  Petromyzontidae  to  Catastomidea 
(M.  L.  Warren  Jr.,  and  B.  M.  Burr,  eds.),  p 160-206.  John 
Hopkins  Univ.  Press,  Baltimore,  MD. 

Loher,  T.,  and  A.  C.  Seitz. 

2008.  Characterization  of  active  spawning  season  and 
depth  for  eastern  Pacific  halibut  ( Hippoglossus  steno- 
lepis ) and  evidence  of  probable  skipped  spawning.  J. 
Northwest  Atl.  Fish.  Sci.  41:23-36. 


102 


Fishery  Bulletin  1 14(1) 


Marshall,  C.  T.,  N.  A.  Yaragina,  B.  Adlandsvik,  and  A.  V.  Dolgov. 

2000.  Reconstructing  the  stock-recruitment  relation- 
ship for  Northeast  Arctic  cod  using  bioenrgetic  index 
of  reproductive  potential.  Can.  J.  Fish.  Aquat.  Sci. 
57:2433-2442. 

Mason,  J.  C. 

1984.  On  the  fecundity  of  the  sablefish  ( Anoplopoma  fim- 
bria) in  Canadian  waters.  Can.  Tech.  Rep.  Fish.  Aquat. 
Sci.  1290,  17  p.  [Available  at  website.] 

Mason,  J.  C.,  R.  J.  Beamish,  and  G.  A.  McFarlane. 

1983.  Sexual  maturity,  fecundity,  spawning,  and  early  life 
history  of  sablefish  (Anoplopoma  fimbria ) off  the  Pacific 
Coast  of  Canada.  Can.  J.  Fish.  Aquat.  Sci.  40:2126-2134. 

Murua,  H.,  G.  Kraus,  F.  Saborido-Rey,  P.  R.  Witthames,  A. 

Thorsen,  and  S.  Junquera. 

2003.  Procedures  to  estimate  fecundity  of  marine  fish  spe- 
cies in  relation  to  their  reproductive  strategy.  J.  North- 
west Atl.  Fish.  Sci.  33:33—54. 

Rideout,  R.  M.,  M.  P.  M.  Burton,  and  G.  A.  Rose. 

2000.  Observations  on  mass  atresia  and  skipped  spawning 
in  northern  Atlantic  cod,  from  Smith  Sound,  Newfound- 
land. J.  Fish  Biol.  57:1429-1440. 

Rideout,  R.  M.,  and  G.  A.  Rose. 

2006.  Suppression  of  reproduction  in  Atlantic  cod  Gadus 
morhua.  Mar.  Ecol.  Prog.  Ser.  320:267-277. 

Rideout,  R.  M.,  G.  A.  Rose,  and  M.  P.  M.  Burton. 

2005.  Skipped  spawning  in  female  iteroparous  fish- 
es. Fish  Fish.  6:50-72. 

Rideout,  R.  M.,  and  J.  Tomkiewicz. 

2011.  Skipped  spawning  in  fishes:  More  common  than  you 
think.  Mar.  Coast.  Fish.  3:176-189. 


Rodgveller,  C.  J.,  C.  R.  Lunsford,  and  J.  T.  Fujioka. 

2012.  Effects  of  maternal  age  and  size  on  embryonic 
energy  reserves,  developmental  timing,  and  fecundity 
in  quillback  rockfish  ( Sebastes  maliger).  Fish.  Bull. 
110:36-45. 

Sasaki,  T. 

1985.  Studies  on  the  sablefish  resources  in  the  North  Pa- 
cific Ocean.  Bull.  Far  Seas  Fish.  Res.  Lab.  22,  108  p. 

Secor,  D.  H. 

2008.  Influence  of  skipped  spawning  and  misspecified  re- 
productive schedules  of  biological  reference  points  in  sus- 
tainable fisheries.  Trans.  Am.  Fish.  Soc.  137:782-789. 

Skjaeraasen,  J.  E.,  J.  Kennedy,  A.  Thorsen,  M.  Fonn,  B.  N. 
Strand,  I.  Mayer,  and  O.  S.  Kjesbu. 

2009.  Mechanisms  regulating  oocyte  recruitment  and 
skipped  spawning  in  Northeast  Arctic  cod  ( Gadus 
morhua).  Can.  J.  Fish.  Aquat.  Sci.  66:1582-1596. 

Skjaeraasen,  J.  E.,  R.  D.  M.,  Nash,  K.  Korsbrekke,  M.  Fonn,  T. 
Nilsen,  J.  Kennedy,  K.  H.  Nedreaas,  A.  Thorson,  P.  R.  Wit- 
thames, A.  J.  Geffen,  H.  Hqie,  and  O.  S.  Kjesbu. 

2012.  Frequent  skipped  spawning  in  the  world’s  largest 
cod  population.  Proc.  Natl.  Acad.  Sci.  109:8995-8999. 

Stark,  J.  W. 

2007.  Geographic  and  seasonal  variations  in  maturation 
and  growth  of  female  Pacific  cod  ( Gadus  macrocepha- 
lus)  in  the  Gulf  of  Alaska  and  Bering  Sea.  Fish.  Bull. 
105:396-407. 

Wright,  P.  J,  and  E.  A.  Trippel. 

2009.  Fishery-induced  demographic  changes  in  the  tim- 
ing of  spawning:  consequences  for  the  reproductive  suc- 
cess. Fish  Fish.  10:283-304. 


103 


NOAA 

National  Marine 
Fisheries  Service 


Abstract— Passive  acoustic  recorders 
were  used  to  monitor  sound  produc- 
tion indicative  of  the  use  of  spawn- 
ing habitat  by  groupers  (Serranidae) 
at  Riley’s  Hump,  which  is  located  in 
the  Tortugas  South  Ecological  Re- 
serve (TSER),  part  of  the  Florida 
Keys  National  Marine  Sanctuary. 
Sound  production  by  black  grouper 
(Mycteroperca  bonaci),  red  grouper 
( Epinephelus  morio),  and  red  hind 
( E . guttatus)  was  recorded  year- 
round  and  at  all  times  of  day  but 
occurred  more  often  in  the  evening 
during  the  winter— spring  spawning 
period  than  during  other  times  of 
the  day  and  year.  This  pattern  for 
these  species  is  consistent  with  re- 
sults of  previous  studies  that  docu- 
mented the  association  of  sound  pro- 
duction with  reproductive  behavior 
at  spawning  sites.  Distinct  diel  and 
seasonal  patterns  of  sound  produc- 
tion by  the  longspine  squirrelfish 
( Holocentrus  rufus)  and  bicolor  dam- 
selfish ( Stegastes  partitus)  also  were 
recorded.  Riley’s  Hump  is  a docu- 
mented spawning  site  for  mutton 
snapper  ( Lutjanus  analis),  and  re- 
cordings of  black  grouper,  red  grou- 
per, and  red  hind  indicate  that  it  is 
used  for  reproductive  purposes  by 
these  species  as  well.  These  results 
showed  the  importance  of  the  TSER 
and  the  need  for  continued  research 
to  understand  its  role  in  the  recov- 
ery and  sustainability  of  managed 
fish  populations. 
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Because  most  large  groupers  support 
large  commercial  and  recreational 
fisheries,  there  is  an  increasing  focus 
on  the  conservation  and  management 
of  their  stocks  and  habitats.  Funda- 
mental to  management  decisions 
about  these  species  is  information 
on  trends  in  population  abundance 
and  distribution,  life  history,  and 
habitat  use.  Data  that  are  used  to 
understand  these  topics  typically  are 
generated  from  long-term  time  series 
based  on  visual  surveys  by  divers, 
active  acoustic  surveys,  mark  and 
recapture  studies,  or  subsampling  of 
commercial  catches.  Recognition  and 
protection  of  critical  habitat,  both  es- 
sential for  the  sustainability  of  grou- 
pers and  other  reef  fishes,  have  been 
realized  through  the  establishment  of 
marine  protected  areas  and  reserves 
(Roberts  et  al.,  2005).  An  important 
consideration  when  selecting  a loca- 
tion for  a marine  reserve  is  whether 
the  area  is  used  as  a spawning  ag- 
gregation site  (Koenig  et  al.,  2000). 
In  many  cases,  fish  spawning  ag- 
gregation sites  were  first  discovered 
by  commercial  fisherman  and  later 
established  as  marine  reserves  when 


their  conservation  value  was  under- 
stood. Such  sites  become  prime  lo- 
cations for  implementing  long-term 
field  studies  to  evaluate  the  efficacy 
of  reserves  for  population  recovery 
and  to  learn  more  about  the  behavior 
and  dynamics  of  spawning  aggrega- 
tions (Burton  et  al.,  2005). 

Groupers,  as  the  name  implies, 
form  seasonal  spawning  aggregations 
at  traditional  sites.  The  structure 
and  size  of  these  aggregations  vary 
by  species  and  may  directly  influence 
their  vulnerability  to  overfishing.  For 
example,  Nassau  grouper  ( Epineph- 
elus striatus)  and  red  hind  ( E . gut- 
tatus) form  few,  large  aggregations 
(Whaylen  et  al.,  2004;  Kadison  et  al., 
2009),  a characteristic  that  increases 
their  risk  to  recruitment  overfishing. 
Because  of  this  vulnerability,  it  has 
been  important  to  consider  spawning 
locations  of  red  hind  in  the  establish- 
ment of  marine  protected  areas  and 
seasonal  closures  in  the  U.S.  Carib- 
bean (Nemeth,  2012).  Evidence  from 
Belize  indicates  that  black  grouper 
( Mycteroperca  bonaci)  form  numer- 
ous medium-size  aggregations  (<200 
individuals)  at  various  locations 
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among  offshore  atolls  (Paz  and  Sedberry,  2008).  In  con- 
trast, red  grouper  (E.  morio)  do  not  form  large  aggrega- 
tions but  instead  appear  to  use  more  discretely  formed 
spawning  sites,  where  individual  male  territories  are 
indicated  by  shallow  pits  excavated  in  the  sediment 
(Coleman  and  Koenig,  2010;  Nelson  et  al.,  2011). 

At  many  traditional  aggregation  sites,  a variety  of 
species  may  co-occur  and  form  seasonal  reproductively 
active  communities;  hence  these  sites  are  of  value  for 
conservation  and  research  purposes  (Heyman  et  ah, 
2001).  The  establishment  of  marine  reserves  at  such 
locations  provides  an  effective  approach  for  the  man- 
agement of  stocks  in  multispecies  fisheries  (Huntsman 
et  al.,  1999;  Ault  et  al.,  2008a). 

In  addition  to  the  more  traditional  methods,  pas- 
sive acoustics  represents  a relatively  new  and  unde- 
rused approach  to  survey  fish  populations  at  spawn- 
ing sites.  Sound  production  is  common  among  many 
fishes  and  is  associated  most  often  with  courtship 
and  spawning  behaviors  (Mok  and  Gilmore,  1983). 
Because  sounds  are  species-specific,  once  the  source 
has  become  positively  identified,  the  information  can 
be  referenced  to  all  future  recordings  to  identify  the 
presence  of  a given  species  at  a monitoring  site.  Time 
series  from  the  acoustic  monitoring  of  fish  sound  pro- 
duction, therefore,  can  be  used  as  a proxy  to  docu- 
ment the  timing  and  location  of  reproductive  behav- 
ior (Locascio  and  Mann,  2008).  Recording  technolo- 
gies now  allow  multiyear  deployments  during  which 
short  periods  of  data  (e.g.,  tens  of  seconds)  may  be 
recorded  every  few  minutes.  The  trend  in  recording 
technologies  becoming  more  sophisticated  and  less 
costly  to  acquire  and  deploy  will  continue  and  result 
in  the  collection  of  larger,  synoptic  acoustic  data  sets 
at  more  locations. 

Groupers  are  among  the  most  economically  impor- 
tant fishes  currently  being  studied  with  passive  acous- 
tics, and  accomplishments  from  such  monitoring  are 
still  few  but  increasing.  Thus  far,  the  sounds  of  Atlan- 
tic goliath  grouper  (E.  itajara ),  red  hind,  red  grouper, 
yellowfin  grouper  (M.  venenosa),  Nassau  grouper,  and 
black  grouper  have  been  positively  identified  and  cor- 
related with  known  spawning  seasons  (Mann  et  al., 
2009;  Mann  et  al.,  2010;  Nelson  et  al.,  2011;  Scharer 
et  al.,  2012,  2013).  Other  grouper  species  are  also  like- 
ly to  produce  sound,  and  these  sounds  await  discovery. 
Only  one  study  has  attempted  to  quantify  population 
size  of  a grouper  species  (red  hind)  with  the  use  of 
passive  acoustics  in  combination  with  visual  surveys 
made  by  divers  (Rowell  et  al.,  2012). 

Riley’s  Hump  was  a historically  productive  com- 
mercial fishing  ground,  particularly  for  mutton  snap- 
per ( Lutjanus  analis)  (Burton  et  al.,  2005).  Anecdotal 
input  from  fishermen  and  the  recommendations  of  a 
25-member  working  group  of  commercial  and  recre- 
ational fishermen,  divers,  conservationists,  scientists, 
concerned  citizens,  and  representatives  from  govern- 
ment agencies  led  to  the  creation  of  the  Tortugas 
South  Ecological  Reserve  (TSER),  a research-only 
marine  reserve,  in  2001  to  protect  the  overexploited 


population  of  mutton  snapper.  Mutton  snapper  use  Ri- 
ley’s Hump  as  a spawning  aggregation  site  in  the  late 
spring  and  early  summer  months  (NOAA1;  Domeier, 
2004;  Burton  et  al.,  2005).  Since  the  inception  of  the 
TSER  and  the  protection  of  the  aggregation  of  mutton 
snapper  at  Riley’s  Hump,  increased  numbers  of  mut- 
ton snapper  have  been  seen  in  visual  surveys  at  Ri- 
ley’s Hump,  at  downstream  locations  along  the  Florida 
Keys  reef  tract  (Ault  et  al.,  2013),  and  in  recreational 
headboat  fishery  landings  (Brennan2).  Many  grouper 
species  also  inhabit  Riley’s  Hump,  but  their  use  of  the 
site  for  reproductive  purposes  has  not  been  document- 
ed. The  primary  purpose  of  this  study  was  to  conduct 
an  acoustic  survey  of  Riley’s  Hump  to  document  grou- 
per sound  production,  which  is  generally  used  as  a 
proxy  for  reproductive  behavior. 

Materials  and  methods 

Riley’s  Hump,  a geologic  feature  of  approximately  10 
km2,  marks  the  western  extent  of  the  south  Florida 
reef  tract  and  lies  entirely  within  the  TSER  (Fig.  1, 
A and  B).  The  limestone  composition  at  Riley’s  Hump 
is  typical  of  the  sedimentary  geology  of  the  Gulf  of 
Mexico,  and  its  surface  ranges  from  sandy  bare  areas 
to  rugose  hard  bottom  and  low-relief  outcroppings. 
Depths  range  from  approximately  30  m on  the  hump 
to  approximately  60  m immediately  adjacent  to  it  (Mal- 
linson  et  al.,  2003).  Relief  is  highest  along  the  edges, 
especially  from  the  northeast  to  southern  edges  in  a 
clockwise  direction.  The  steepest  vertical  drop-off  is  lo- 
cated along  the  south-southwestern  edge,  which  also 
has  been  observed  to  have  the  highest  fish  densities 
(Burton  et  al.,  2005).  The  benthic  community  is  com- 
posed of  hard  and  soft  corals,  gorgonians,  and  a variety 
of  sponges  (Weaver  et  al.,  2006). 

Acoustic  digital  spectrum  recorders  (Loggerhead 
Instruments3,  Sarasota,  FL)  were  deployed  at  7 loca- 
tions on  Riley’s  Hump  during  multiple  periods  from 
2010  through  2012  (Table  1;  Fig.  1).  These  locations 
included  3 previously  established  study  sites  (12,  12A, 
and  15),  where  visual  surveys  of  fishes  were  conducted 
during  prior  years,  along  with  4 new  sites  established 
for  this  study,  including  3 sites  on  Riley’s  Hump  (RH1, 
RH2,  and  RH3)  and  a deepwater  site  off  the  south- 
western edge  of  Riley’s  Hump  (RHDW)  at  a depth  of 
approximately  60  m.  Digital  spectrum  recorders  were 
programmed  to  record  10  s of  sound  every  10  min  at  a 


1 NOAA.  2000.  Draft  supplemental  environmental  impact 
statement/draft  supplemental  management  plan  for  the  Tor- 
tugas Ecological  Reserve,  250  p.  Mar.  Sanctuaries  Div.,  Off. 
Ocean  Coast.  Resour.  Manage.,  Natl.  Ocean  Serv.,  NOAA,  Sil- 
ver Spring,  MD.  [Available  at  website.] 

2 Brennan,  K.  J.  2013.  Personal  commun.  Beaufort  Labo- 
ratory, Southeast  Fisheries  Science  Center,  National  Marine 
Fisheries  Service,  NOAA,  Beaufort,  NC  28516-9722. 

3 Mention  of  trade  names  or  commercial  companies  is  for  iden- 
tification purposes  only  and  does  not  imply  endorsement  by 
the  National  Marine  Fisheries  Service,  NOAA. 
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Figure  1 

(A)  Location  of  Riley’s  Hump  within  the  Tortugas  South  Ecological  Re- 
serve and  in  relation  to  mainland  Florida,  and  (B)  locations  of  acoustic 
monitoring  sites  on  Riley’s  Hump  indicated  on  the  multibeam  bathy- 
metric image  of  this  geologic  feature.  The  scale  of  the  image  represents 
meters  below  sea  level  (mbsl).  The  deepwater  site  (RHDW)  that  would 
be  on  the  left  side  of  the  image  is  located  a bit  farther  west  than  what 
is  indicated  in  this  figure.  The  depth  of  this  site  was  approximately 
60  m;  depths  at  all  other  acoustic  montioring  sites  located  on  Riley’s 
Hump  were  approximately  30  m.  Bathymetric  image  is  taken  from  fig- 
ure 7 of  Mallinson  et  ah,  2003. 


15,094  Hz  sample  rate;  they  were  moored 
to  steel  rebar  anchored  in  the  limestone 
substrate.  All  recorders  were  deployed 
and  recovered  by  scuba  divers,  except 
for  the  deployment  of  the  deepwater  re- 
corder (RHDW),  which  was  dropped  in 
a weighted  housing  unit  from  the  swim 
platform  of  the  MV  Spree  and  recovered 
by  scuba  divers.  Visual  surveys  were  con- 
ducted along  transects  of  50  m by  divers 
to  document  the  presence  of  grouper  spe- 
cies at  acoustic  monitoring  sites  (12,  12A, 

15,  RH1)  during  April  2010  and  January 
and  February  2011.  All  field  operations 
were  conducted  from  the  MV  Spree. 

Each  10-s  acoustic  file  was  analyzed  in 
MATLAB,  vers.  R2009B  (The  Mathworks 
Inc.,  Natick,  MA)  with  a fast  Fourier 
transform  to  generate  a power  spectrum 
from  which  the  band  sound  pressure  level 
(SPL)  in  100-Hz-wide  bins  was  calculat- 
ed. Patterns  in  fish  sound  production  on 
daily  and  seasonal  scales  were  examined 
in  plots  of  power  spectra  and,  for  grouper 
species,  by  direct  counts  of  calls  in  a sub- 
sample of  10,000  files  randomly  selected 
from  the  entire  database  of  acoustic  re- 
cordings. The  number  of  calls  counted  for 
each  grouper  species  in  the  subsample 
was  normalized  as  a ratio  of  the  number 
of  calls  to  number  of  files  reviewed  for 
each  month  at  each  site.  Spectrograms  of 
acoustic  recordings  were  reviewed  with 
Adobe  Audition,  vers.  2.0  (Adobe  Systems 
Inc.,  San  Jose,  CA)  to  identify  species 
present  in  the  recordings  or  previously 
undescribed  calls.  Daily  sound  patterns 
were  estimated  by  binning  the  number 
of  calls  for  each  species  (sites  combined) 
into  three  8-h  periods  (0000-0800,  0800- 
1600,  and  1600-0000,  all  local  time)  and 
comparing  them  by  means  of  tests  for 
analysis  of  variance.  Acoustic  time-series 
data  were  examined  for  peaks  associated 
with  lunar  phases. 

Custom  underwater  audio  and  video 
(A/V)  systems  were  used  to  verify  sourc- 
es of  fish  sound  production  and  to  under- 
stand the  behavioral  context  associated 
with  that  sound  production.  The  record- 
ing system  included  a low-light,  0.001- 
lux,  black-and-white  flat  lens  board  camera  and  2 HTI 
96-MIN  hydrophones  (sensitivity  -164  dB  reference 
pressure  [re]:  IV/pPa)  (High  Tech  Inc.,  Long  Beach, 
MS)  that  recorded  to  a ChaseCam  deck  (Chase  Vision, 
LLC,  Cleveland,  TN).  Each  A/V  system  was  deployed  in 
a clear,  waterproof  housing  unit  and  placed  on  the  sea- 
floor overnight  at  select  sites  where  long-term  acoustic 
recorders  were  deployed.  The  A/V  system  recorded  con- 
tinuously to  compact  flash  memory  cards  for  approxi- 


mately 20  h.  A Sony  HDR-XR100  video  camera  (Sony 
Corp.,  Tokyo)  fitted  with  an  HTI  96-MIN  hydrophone 
was  used  during  visual  surveys  conducted  by  divers 
to  record  fish  sound  production  and  associated  behav- 
ior. Audio  and  video  data  were  reviewed  with  Corel 
Video  Studio  software,  vers.  X6  (Corel  Corp.,  Ottawa, 
Ontario)  and  with  Adobe  Audition  software  to  identify 
species-specific  acoustic  signals  and  associated  behav- 
ioral context. 
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Table  1 

Record  of  deployment  locations,  periods,  and  number  of  records  used  to  monitor 
sound  production  by  groupers  and  other  fish  species  at  Riley’s  Hump  (RH),  Tor- 
tugas  South  Ecological  Reserve,  Florida  Keys  National  Marine  Sanctuary.  All  re- 
corders were  programmed  to  record  10  s of  sound  every  10  min  at  a sample  rate 
of  15,094  Hz.  At  the  deepwater  site  (RHDW),  located  off  the  southwestern  edge  of 
Riley’s  Hump,  the  recorder  was  deployed  at  a depth  of  60  m. 


Site 

Deployment  Period 

Days 

Records 

12 

29  April-28  June  2010 

60 

8640 

12 

18  January-14  July  2011 

177 

25,488 

12A 

29  April  2010-16  July  2011 

443 

63,792 

15 

29  April  2010-9  December  2011 

589 

84,816 

RH1 

18  January  2011-17  June  2012 

516 

74,304 

RH2 

18  January  2011-17  June  2012 

516 

74,304 

RH3 

18  January  2011-21  June  2012 

516 

74,304 

RHDW 

17  July  2011-13  June  2012 

332 

47,808 

Results 

Patterns  in  fish  sound  production  recorded  at  all  study 
sites  were  classified  into  3 frequency  ranges:  <200  Hz, 
300-400  Hz,  and  500-800  Hz.  Identifiable  sounds  pro- 
duced in  the  lowest  frequency  range  (<200  Hz)  were 
associated  mainly  with  3 grouper  species:  red  grouper, 
red  hind,  and  black  grouper.  Positive  identification  of 
these  species  in  the  recordings  was  based  on  previous 
descriptions  of  their  sounds  (Mann  et  ah,  2010;  Nel- 
son et  ah,  2011;  Scharer  et  ah,  2013)  and  on  additional 


evidence  from  this  study  of  sound  production  by  black 
grouper  documented  with  the  A/V  systems.  Sound  pro- 
duction by  each  of  these  species  was  greatest  during 
the  evening  period  (1600-0000)  but  was  not  significant- 
ly different  from  any  of  the  3 time  periods  (black  grou- 
per: F= 3.1,  P=0.05;  red  grouper:  F=1.4,  P= 0.24;  and  red 
hind:  F=4.5,  P=0.64)  (Fig.  2).  Diel  variability  in  SPLs 
during  the  winter-spring  period  ranged  from  about  5 
to  10  dB  SPL  (re:  1 pPa)  above  daily  background  lev- 
els in  the  frequency  range  used  by  groupers  (<200  Hz) 
at  all  sites  during  2011  and  2012  except  RHDW.  This 


500  r 


Bin  1 Bin  2 Bin  3 Bin  1 Bin  2 Bin  3 Bin  1 Bin  2 Bin  3 

Black  grouper  Red  grouper  Red  hind 

Figure  2 


Diel  pattern  of  sound  production  by  black  grouper  (Mycteroperca  bonaci ),  red  grouper  (Epi- 
nephelus  morio ),  and  red  hind  (Epinephelus  guttatus)  at  Riley’s  Hump,  Tortugas  South 
Ecological  Reserve,  Florida  Keys,  in  2012.  Data  are  distributed  in  3 bins  of  8 h each  (bin 
1=0000-0800;  bin  2=0800-1600;  bin  3=1600-0000)  and  are  the  sum  total  of  calls  identi- 
fied in  analysis  of  10,000  files  randomly  selected  from  the  entire  database  of  acoustic 
recordings.  The  number  of  calls  is  greatest  during  the  evening  period  for  these  species, 
but  significant  differences  do  not  exist  between  time  periods  for  any  species  based  on  the 
methods  used  in  this  study. 
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Date  (month/year) 

Figure  3 

Time  series  of  the  ratio  of  the  number  of  calls  of  3 grouper  species,  (A)  black  grouper  ( Mycteroperca  bonaci),  (B)  red 
grouper  ( Epinephelus  morio),  and  (C)  red  hind  ( Epinephelus  guttatus),  recorded  at  Riley’s  Hump,  Tortugas  South 
Ecological  Reserve,  Florida  Keys,  2010-2012  to  the  number  of  files  reviewed  in  a subsample  of  10,000  randomly 
selected  audio  files.  For  each  species,  call  volume  increased  during  the  winter-spring  reproductive  season.  The  2012 
season  had  a greater  call  volume  and  appears  more  protracted  than  the  2011  season  for  red  grouper  and  red  hind; 
the  higher  numbers  of  calls  in  2012  may  represent  the  presence  of  more  fish  species  at  these  sites  in  2012  than  in 
2011.  Red  grouper  and  red  hind  both  demonstrated  a preference  for  the  deepwater  site  (RHDW)  in  2012  and  for  sites 
RH2  and  RH3  in  2011,  respectively.  Black  grouper  were  recorded  at  all  sites  yet  did  not  produce  particularly  high 
numbers  of  calls  at  a specific  site,  although,  overall,  most  sound  production  by  this  species  was  recorded  at  site  RH2 
during  both  years. 


resulted  in  relatively  poor  signal-to-noise  ratios  which 
prevented  identification  of  a clear  diel  pattern  in  the 
power  spectra  results  associated  with  groupers.  Record- 
ings of  red  hind  at  the  RHDW  site  were  the  only  excep- 
tion to  this  and  diel  patterns  in  the  power  spectra  as- 
sociated with  this  species  were  clearly  discernible  from 
background  levels. 

Sound  production  by  each  grouper  species  occurred 
year-round,  but  levels  were  highest  from  January 
through  May  and  typically  peaked  in  March  for  each 
species  during  2011  and  2012  (Fig.  3).  Black  grouper 
were  recorded  at  all  sites;  the  highest  standardized 
number  of  calls  was  recorded  at  site  12A  in  2011  and 
at  site  RH2  in  2012.  A modestly  higher  number  of 
black  grouper  calls  were  recorded  in  2011.  Red  grouper 
were  recorded  at  all  sites;  the  highest  number  of  calls 
by  this  species  was  recorded  at  site  RH2  in  2011  and 
at  site  RHDW  in  2012.  Red  hind  were  recorded  only  at 
sites  RH1,  RH2,  and  RH3  and  at  site  RHDW;  the  high- 
est number  of  calls  by  this  species  was  recorded  at  site 
RH3  in  2011  and  at  site  RHDW  in  2012.  The  seasonal 
pattern  of  calls  by  black  grouper  indicates  a more  even 
distribution  over  the  winter-spring  period  than  that  of 
the  seasonal  pattern  of  sound  production  by  red  grou- 
per and  red  hind,  which  peaked  more  sharply  in  March 
and  April  of  each  year.  Sound  pressure  levels  recorded 


at  site  RHDW  reached  amplitudes  that  were  15  dB 
SPL  (re:  1 pPa)  greater  than  daytime  background  lev- 
els and  were  positively  associated  with  the  last  quarter 
moon  phase.  All  3 grouper  species  were  recorded  at  site 
RHDW,  but  sound  production  was  dominated  at  this 
site  by  the  red  hind  (Figs.  3 and  4). 

Red  and  black  groupers  and  red  hind  were  the  dom- 
inant grouper  species  recorded  at  Riley’s  Hump,  but 
other  low-frequency,  pulsed  and  modulated  tonal  calls 
were  occasionally  discovered  during  review  of  audio 
files.  Three  instances  of  calls  by  yellowfin  grouper  were 
positively  identified  in  recordings  made  at  site  12A 
during  November  2010  by  comparison  with  document- 
ed characteristic  sound  production  of  yellowfin  grouper 
(Scharer  et  ah,  2012).  Several  instances  of  a call  type 
that  resembled  that  of  the  Nassau  grouper  were  also 
noted  in  recordings  made  during  winter-early  spring 
at  site  RHDW.  Both  the  yellowfin  grouper  and  Nassau 
grouper  were  observed  in  visual  surveys  conducted  by 
divers  at  Riley’s  Hump  during  this  study.  More  detailed 
studies  of  sound  production  of  Nassau  grouper  are  in 
progress,  and  the  results  will  be  useful  for  quantifying 
the  presence  of  this  species  in  the  recordings  made  at 
Riley’s  Hump. 

Additional  information  on  sound  production  by 
black  grouper  was  documented  in  this  study.  Two 
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Figure  4 

An  example  of  seasonal  periodicity  of  sound  pressure  levels  (SPLs)  in  the  time  series  of  acoustic  data  for  the 
frequency  range  <200  Hz  recorded  at  the  deepwater  site  (RHDW)  at  a depth  of  60  m at  Riley’s  Hump,  Tortugas 
South  Ecological  Reserve,  Florida  Keys,  2010-2012.  Red  grouper  (Epinephelus  morio),  black  grouper  (Mycte- 
roperca  bonaci),  and  red  hind  (Epinephelus  guttatus)  all  were  recorded  at  this  site,  but  the  red  hind  was  the 
dominant  sound  producer  during  the  period  shown.  Sound  production  occurred  during  all  lunar  phases,  but 
peaks  were  coincident  with  the  last  quarter  moon  phase.  Lunar  symbols  represent  moon  phases  as  follows:  new 
moon,  #;  first  quarter  moon,  t>;  full  moon,  O;  and  last  quarter  moon,  3. 


variations  of  the  call  of  black  grouper  were  identi- 
fied. One  variation,  BGV1,  was  composed  of  a rela- 
tively long,  frequency-modulated  tonal  portion  only. 
The  other  variation,  BGV2,  was  composed  of  an  ini- 
tial, shorter-duration  frequency-modulated  tone  fol- 
lowed by  several  individual  pulses  and  concluded 
with  a longer  frequency-modulated  tonal  portion 
characteristic  of  the  BGV1  (Fig.  5,  A-D).  The  long, 
frequency-modulated  tonal  portion  common  to  both 
variations  (/i=20)  had  a mean  duration  of  5.2  s (stan- 
dard deviation  [SD]  1.2)  and  was  modulated  between 
60-120  Hz  at  a mean  rate  of  170  ms  (SD  0.03.  The 
highest  received  root-mean-square  (RMS)  SPL  for  the 
long,  frequency-modulated  portion  of  the  call  was  es- 
timated at  149.9  dB  RMS  SPL  (re:  1 pPa).  The  high- 
est received  RMS  SPL  for  the  introductory  portion 
of  the  call  only  and  the  overall  combined  portions  of 
the  call  were  143.3  and  144.3  dB  SPL  (re:  1 pPa), 
respectively. 

This  call  type  was  identified  76  times  in  the  audio 
track  of  the  recordings  made  with  the  remote  A/V  sys- 
tems. Black  grouper  appeared  in  the  video  from  the 
A/V  systems  during  18  of  the  76  times  either  call  varia- 
tion was  identified  and  10  additional  times  within  25  s 
of  the  call  being  made.  No  other  grouper  species  were 
recorded  on  video  at  or  near  the  time  during  which  ei- 
ther variation  of  this  call  was  produced.  Other  grouper 
species  were  verified  at  these  sites  by  divers  during 
visual  surveys,  including  the  Nassau  grouper,  yellow- 
mouth  grouper  (M.  inter stitialis),  scamp  (M.  phenax), 


yellowfin  grouper,  rock  hind  ( E . adscensionis),  and  co- 
ney ( Cephalopholis  fulva). 

In  most  cases,  only  a single  black  grouper  appeared 
in  the  video  when  a call  of  either  variation  (BGV1  or 
BGV2)  was  made  and  only  once  was  interaction  be- 
tween 2 fish  recorded  (site  12A).  On  this  occasion,  one 
fish  with  a blotched  pattern  approached  another  more 
monochromic  fish  from  below  and  behind  and  briefly 
made  contact  as  it  passed  under  the  rear  portion  of 
the  other’s  body.  The  2 fish  then  swam  slowly  away  in 
opposite  directions  and  out  of  the  video  frame  (Fig.  6, 
A-D).  The  blotch-patterned  fish  swam  toward  the  cam- 
era and  out  of  the  frame,  and  within  10  s a relatively 
high  amplitude  (149.9  dB  SPL)  BGV1  call  was  record- 
ed. This  behavior  could  indicate  possible  courtship,  but 
it  could  also  represent  a territorial  display. 

On  the  morning  that  the  A/V  system  that  made  this 
recording  was  deployed  (27  April  2010)  divers  reported 
seeing  several  black  grouper  at  this  site  (12A)  swim- 
ming together  in  a daisy  chain  pattern  high  in  the 
water  column.  Apparent  courtship  behavior  between  2 
black  grouper  was  also  observed  during  a visual  survey 
conducted  at  site  RH1  on  19  January  2011.  On  this 
occasion,  a large,  light-colored  black  grouper  was  ob- 
served to  approach  a smaller  black  grouper  from  be- 
hind and  swim  alongside  it  for  a few  moments  and 
then  to  rub  and  shake  its  body  against  it  for  about  2 s. 
No  sound  associated  with  this  behavior  was  heard  by 
divers,  but  it  may  have  gone  unnoticed.  Similar  court- 
ship behavior  of  black  grouper  was  described  by  Paz 
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Figure  5 

Examples  of  acoustic  recordings  of  black  grouper  (Mycteroperca  bonaci)  sounds  made  at  site  12  at  Ri- 
ley’s Hump,  Tortugas  South  Ecological  Reserve,  Florida  Keys  in  April  2012:  (A)  in  waveform  and  (B)  as 
a spectrogram  of  black  grouper  call  variation  1 (BGV1),  which  is  frequency  modulated  between  60-120 
Hz  at  a rate  of  about  0.2  s.  Average  duration  of  this  variation  was  5.2  s (SD  1.2,  n=20),  and  highest 
received  levels  recorded  were  149.9  dB  SPL  (re:  1 pPa).  (C)  Waveform  and  (D)  spectrogram  of  black 
grouper  call  variation  2 (BGV2),  which  contains  an  introductory  portion  composed  of  a short  frequency- 
modulated  period  followed  by  individual  pulses  and  then  the  longer  frequency-modulated  portion  com- 
mon to  BGV1.  The  BGV2  call  was  uncommon  in  field  recordings.  How  the  context  of  the  2 call  variants 
differs  is  unknown.  The  longer  frequency-modulated  end  portion  of  the  BGV2  call  is  truncated  because 
the  programmed  10-s  recording  period  elapsed  during  the  call. 
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Figure  6 

Interaction  between  black  grouper  ( Mycteroperca  bonaci)  was  captured  only  once  in  video  recordings 
made  at  Riley’s  Hump,  Tortugas  South  Ecological  Reserve,  Florida  Keys,  and  that  interaction  is  shown 
in  these  video  stills  from  videos  taken  at  site  12A  on  27  April  2010:  (A)  and  (B)  a blotch-patterned  black 
grouper  (right  side  of  figure)  approaches  a second  black  grouper  from  below.  (C)  The  approaching  fish 
passes  directly  beneath  the  rear  portion  of  the  second  fish  and  briefly  makes  contact,  but  no  additional 
interaction  occurs.  (D)  The  2 fish  swim  away  from  each  other  in  opposite  directions  and  a BGV1  call  is 
produced  a few  seconds  later.  This  interaction  may  have  been  courtship  or  territorial  associated  behavior. 
When  the  audio  and  video  system  was  deployed  at  this  site,  divers  reported  seeing  several  black  grouper 
midway  in  the  water  column  swimming  together  in  a generally  circular  pattern,  similar  to  behavior  ob- 
served in  a spawning  aggregation  documented  in  Belize. 


and  Sedberry  (2008)  at  spawning  aggregation  sites  of 
black  grouper  in  Belize,  where  these  authors  also  not- 
ed that  the  blotched-color  phase  was  seen  during  the 
morning  of  the  day  that  spawning  occurred. 

Sound  production  in  the  frequency  range  of  300-400 
Hz  was  dominated  by  the  longspine  squirrelfish  ( Holo - 
centrus  rufus).  This  finding  was  validated  by  an  analy- 
sis of  recordings  made  with  the  handheld  Sony  video 
camera  fitted  with  a hydrophone  and  also  by  compari- 
son with  descriptions  made  by  Winn  et  al.  (1964).  This 
species  produced  a pulsatile  call  with  received  SPLs 
of  6. 0-8.0  dB  (re:  1 pPa)  above  daytime  background 
levels.  The  diel  pattern  was  crepuscular  with  slightly 
higher  SPLs  reached  during  the  evening  than  during 
the  morning.  Patterns  in  the  SPLs  and  timing  of  this 
call  type  began  in  early  spring  and  continued  through 


late  summer  and  early  fall.  These  patterns  were  simi- 
lar among  sites  and  between  years,  and  they  were  not 
associated  with  a lunar  period  (Fig.  7). 

Sound  production  in  the  frequency  range  of  500-800 
Hz  was  also  dominated  by  a pulsatile  call,  typical  of 
the  family  Pomacentridae  and  attributed  to  the  bicolor 
damselfish  ( Stegastes  partitus).  Some  energy  associated 
with  this  call  extended  above  and  below  the  range  of 
500-800  Hz  but  was  minimal  by  comparison.  Sound 
production  in  this  range  was  considered  to  be  from  a 
different  source  than  that  of  the  signal  produced  in 
the  range  of  300-400  Hz  by  the  longspine  squirrelfish 
because  plots  of  each  signal  indicated  they  were  out 
of  phase  with  each  other  (i.e.,  not  temporally  synchro- 
nized). Sound  production  and  behavior  by  this  species 
were  also  recorded  by  the  remotely  deployed  A /V  sys- 
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Figure  7 

An  example  of  sound  production  by  longspine  squirrelfish  (Holocentrus  rufus),  measured  in  sound  pressure 
levels  (SPLs),  from  the  time  series  of  acoustic  data  recorded  in  the  frequency  range  of  300-400  Hz  at  site 
RH1  at  Riley’s  Hump,  Tortugas  South  Ecological  Reserve,  Florida  Keys,  in  2011.  The  seasonal  period  of 
sound  production  in  this  frequency  range  occurred  from  early  spring  through  late  summer  and  early  fall, 
beyond  the  limits  of  the  x-axis.  Illustrated  more  closely  in  the  inset  figure,  with  bars  that  indicate  periods 
of  day  and  night,  diel  periodicity  of  sound  production  by  this  species  is  defined  by  a crepuscular  pattern.  No 
lunar  periodicity  is  evident.  Lunar  symbols  are  defined  as  follows:  new  moon,  #;  first  quarter,  C>;  full  moon, 
O;  and  last  quarter  moon,  3. 


terns.  This  call  type  occurred  at  all  sites  between  late 
March  and  mid-July  and  had  an  associated  lunar  pe- 
riod that  began  on  or  within  2 days  of  the  full  moon 
and  continued  to  about  the  first  quarter  moon  of  the 
following  lunar  cycle,  a period  of  approximately  18-20 
days.  Nightly  maximum  SPLs  associated  with  this  call 
were  about  25  dB  above  daytime  background  levels 
during  peak  season,  and  they  increased  rapidly  just  af- 
ter the  full  moon  and  decreased  rapidly  near  the  new 
moon  (Fig.  8).  The  relatively  high  signal-to-noise  ratio 
indicates  that  the  source  was  close  to  the  hydrophone. 

Discussion 

In  this  study,  the  common  occurrence  of  sound  produc- 
tion by  red  grouper,  black  grouper,  red  hind,  longspine 
squirrelfish,  and  bicolor  damselfish  was  documented 
at  Riley’s  Hump  along,  as  well  as  the  rare  occurrence 
of  sound  production  by  yellowfin  grouper  and  possible 
sound  production  by  Nassau  grouper.  Several  other  rel- 
atively uncommon  call  types  were  recorded  and  noted 
during  review  of  audio  files  and  may  be  identified  to 
source  in  future  research.  Temporal  patterns  in  sound 
production  by  red  grouper  and  red  hind  were  similar 
to  the  patterns  observed  in  analysis  of  previous  record- 
ings made  at  sites  in  the  Gulf  of  Mexico  and  Puerto 
Rico,  patterns  in  which  sound  production  was  positive- 
ly correlated  with  spawning  season  (Mann  et  ah,  2010; 
Nelson  et  al.,  2011).  The  last  quarter  lunar  phase  asso- 


ciated with  maximum  vocalizations  of  red  hind  in  this 
study  was  consistent  with  the  lunar  period  in  sound 
production  of  red  hind  reported  from  the  western  coast 
of  Puerto  Rico  (Rowell,  et  al,.  2012).  The  temporal  asso- 
ciation of  a lunar  phase  with  aggregations  of  red  hind 
has  been  shown  previously  to  vary  between  sites.  The 
significance  of  this  finding  is  not  well  understood,  but 
it  may  be  associated  with  patterns  in  local  currents 
(Nemeth,  2012).  Patterns  in  lunar  periodicities  associ- 
ated with  sound  production  by  black  grouper  require 
more  detailed  analysis  of  time-series  data  and  are  the 
subject  of  a future  study. 

In  these  prior  studies,  observations  of  grouper  be- 
havior associated  with  sound  production  did  not  in- 
clude actual  spawning;  rather,  they  included  courtship 
interactions  and  territorial  behavior  during  which  the 
presumed  male  was  the  sound  producer.  In  our  study, 
apparent  courtship  or  territoriality  between  2 black 
grouper  was  recorded  on  video,  and  one  observation 
of  similar  behavior  was  made  during  a visual  survey 
conducted  on  19  January  2011  at  site  RH1.  Because 
spawning  is  rarely  observed,  the  exact  timing  and  con- 
text of  sound  production  in  relation  to  gamete  release 
is  not  well  understood  for  grouper  species,  but  sound 
production  does  generally  correlate  well  with  the  re- 
productive period  on  a seasonal  basis  (Locascio  and 
Mann,  2011a). 

In  this  study,  more  calls  of  red  grouper  and  red  hind 
were  recorded  over  a longer  seasonal  period  in  2012 
than  in  2011.  The  more  protracted  period  of  sound  pro- 
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Figure  8 

An  example  of  sound  production  attributed  to  the  bicolor  damselfish  (Stegastes  partitus ) from  the  time  se- 
ries of  acoustic  data  recorded  in  the  frequency  range  of  500-800  Hz  at  site  RH2  at  Riley’s  Hump,  Tortugas 
South  Ecological  Reserve,  Florida  Keys,  in  2011.  The  seasonal  period  of  sound  production  in  this  frequency 
range  occurred  from  early  spring  through  mid-summer.  Sound  pressure  levels  (SPLs)  increased  and  de- 
creased gradually  over  a period  of  about  18  days,  beginning  near  the  new  moon.  Lunar  symbols  are  defined 
as  follows:  new  moon,  •;  first  quarter,  ©;  full  moon,  O;  and  last  quarter  moon,  3. 


duction  in  2012  by  these  species  could  indicate  that 
a longer  spawning  season  occurred  during  that  year 
and  possibly  also  that  a greater  number  of  fishes  were 
present.  During  2012,  both  species  demonstrated  a 
preference  for  site  RHDW,  which  was  not  monitored  in 
2011  in  our  study.  This  site  is  located  near  the  base  of 
the  steepest  vertical  relief  of  Riley’s  Hump,  a habitat 
feature  of  aggregation  sites  associated  with  relatively 
high  densities  of  fishes  (Kobara  et  al.,  2013). 

The  spawning  season  of  the  red  grouper  occurs  ap- 
proximately from  March  through  July  in  the  Gulf  of 
Mexico  and  peaks  between  March  and  June,  although 
there  is  some  variability  with  latitude.  This  timing  is 
consistent  with  peak  levels  of  sound  production  re- 
corded in  this  study.  This  species  is  not  considered 
currently  to  be  overfished  or  experiencing  overfishing 
(Lowerre-Barbieri  et  al.4). 

The  spawning  season  of  the  black  grouper  is  report- 
ed to  occur  from  December  through  March  in  the  Gulf 
of  Mexico,  although  Crabtree  and  Bullock  (1998),  on 
the  basis  of  gonad  condition,  suggested  that  spawning 
may  occur  year-round.  The  results  of  our  study  show 
that  sound  production  of  black  grouper  occurs  year- 
round,  but  at  levels  higher  from  December  through 
May  than  during  other  periods.  The  black  grouper  is 


4  Lowerre-Barbieri,  S.,  L.  Crabtree,  T.  S. Switzer,  and  R.H.  Mc- 
Michael  Jr.  2014.  Maturity,  sexual  transition,  and  spawn- 
ing seasonality  in  the  protogynous  red  grouper  on  the  West 
Florida  Shelf.  Southeast  Data  Assessment  and  Review  SE- 
DAR42-DW-07,  21  p.  [Available  at  website.] 


not  considered  presently  to  be  overfished  or  experienc- 
ing overfishing  (SEDAR5). 

Red  hind  in  the  U.S.  Caribbean  form  spawning  ag- 
gregations associated  with  various  lunar  phases  from 
December  through  March  (Mann  et  al.,  2010;  Nemeth, 
2012).  In  our  study  at  Riley’s  Hump,  seasonal  and 
lunar  periods  in  sound  production  by  red  hind  were 
similar  to  the  periods  observed  in  studies  conducted 
in  the  U.S.  Virgin  Islands,  although  the  timing  of  peak 
levels  occurred  1-2  months  later  in  the  year  at  Riley’s 
Hump.  Results  of  a stock  assessment  conducted  during 
2013-2014  (SEDAR6)  indicate  that  the  red  hind  is  not 
overfished  or  experiencing  overfishing  in  the  U.S.  Ca- 
ribbean, but  this  notion  was  not  strongly  conclusive  on 
the  basis  of  available  data. 

Although  most  sound  production  by  each  grouper 
species  reported  here  occurred  during  the  winter  and 
spring,  calls  also  were  recorded  at  other  times  of  the 
year.  It  is  difficult  to  conclude  an  alternative  meaning 
for  this  finding  without  concurrent  observations  of  be- 
havior, but  one  possibility  may  be  that  limited  spawn- 
ing occurs  during  other  times  of  the  year.  The  black 
grouper,  for  example,  has  been  reported  to  remain  in 
sexually  mature  condition  year-round  (Crabtree  and 


5 SEDAR  (Southeast  Data  Assessment  and  Review).  2010. 
SEDAR  19  stock  assessment  report  Gulf  of  Mexico  and  South 
Atlantic  black  grouper,  656  p.  SEDAR,  North  Charleston, 
SC.  [Available  at  website.] 

6 SEDAR  (Southeast  Data  Assessment  and  Review).  2014. 
SEDAR  35  stock  assessment  report  U.S.  Caribbean  red  hind, 
350  p.  SEDAR,  North  Charleston,  SC.  [Available  at  web- 
site.] 
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Bullock,  1998).  Another  possible  explanation  is  that 
sound  production  is  associated  with  other  forms  of  be- 
havior besides  courtship  and  spawning.  For  example, 
red  grouper  excavate  and  maintain  pits  in  the  sedi- 
ment that  are  used  by  other  species,  and  red  grouper 
are  believed  to  have  strong  site  fidelity  to  these  engi- 
neered features  (Coleman  and  Koenig,  2010;  Wall  et. 
al,  2011).  Given  these  circumstances,  sound  production 
may  be  used  in  other  social  contexts,  such  as  territorial 
or  agonistic  interactions. 

The  calls  recorded  in  our  study  that  were  attributed 
to  black  grouper  are  consistent  with  the  stereotypical 
characteristics  of  calls  by  groupers  (low  frequency,  mod- 
ulated, and  long  duration)  and  agree  with  descriptions 
of  sound  production  of  black  grouper  from  recordings 
made  in  Puerto  Rico  (Scharer,  et  al.,  2013).  Although 
apparent  courtship  or  territorial  behavior  was  followed 
closely  by  a BGV2  call  in  only  one  video  segment,  the 
black  grouper  was  the  only  grouper  species  appearing 
in  the  video  recorded  at  or  near  the  time  that  a call 
of  either  variation  was  produced,  strongly  indicating 
that  this  species  was  the  source.  Additionally,  for  black 
grouper,  the  relatively  high  received  RMS  SPLs  of  the 
call  variations  indicate  that  the  source  was  close  to 
the  hydrophone,  and,  in  these  cases,  black  grouper  ap- 
peared in  the  video  within  a few  seconds  of  these  call 
types.  A source  level  (i.e.,  decibels  of  SPL  at  1 m from 
source)  can  be  roughly  estimated  with  a spreading  loss 
model  (Urick,  1983)  and  a received  SPL  of  a call.  In  our 
study,  a spherical  model  that  estimates  a 6-dB  loss  per 
distance  doubling  was  used  with  the  highest  received 
SPL  of  149.9  dB  RMS  SPL  (re:  1 pPa),  which  was  re- 
corded when  black  grouper  appeared  to  be  only  a few 
meters  from  the  A/V  system.  Adding  6 dB  to  the  high- 
est received  level  is  equivalent  to  1 distance  doubling, 
placing  the  source  2 m away  from  the  A/V  system  and 
resulting  in  an  estimated  source  level  of  155.9  dB  RMS 
SPL  (re:  1 pPa).  Adding  12  dB  to  the  highest  received 
level  would  be  equivalent  to  2 distance  doublings  and 
would  place  the  source  4 m away  from  the  A/V  sys- 
tem with  an  estimated  source  level  of  161.9  dB  RMS 
SPL  (re:  1 pPa),  and  so  on.  For  reference,  estimates  of 
source  levels  produced  by  black  drum  ( Pogonias  cromis) 
are  165  dB  RMS  SPL  (re:  1 pPa)  (Locascio  and  Mann, 
2011b).  Extrapolated  estimates  of  source  levels  for 
black  grouper  that  were  calculated  with  the  spherical 
spreading  loss  model  seem  reasonable  in  the  context  of 
source  levels  reported  for  black  drum. 

Calls  of  black  grouper  contain  a frequency-modulat- 
ed feature,  a mechanism  associated  with  sound  produc- 
tion that  speeds  up  and  slows  down  over  the  duration 
of  a call,  but  the  structure  of  calls  of  black  grouper  are 
unique  from  the  calls  of  red  grouper,  yellowfin  grou- 
per, and  red  hind  in  that  they  do  not  feature  a long 
frequency  down-sweep.  The  BGV2  call  was  differenti- 
ated from  the  BGV1  call  by  a series  of  initial  pulses. 
This  difference  also  exists  between  call  types  of  the  red 
grouper  (Nelson  et  al.,  2011),  but  the  significance  of 
those  differences  is  not  understood  for  either  species. 
Sounds  of  most  grouper  species  documented  thus  far, 


with  the  exception  of  the  call  of  the  Atlantic  goliath 
grouper,  give  evidence  of  a complex  structure  relative 
to  the  more  common  pulsatile  structure  of  many  fish 
calls.  The  mechanisms  associated  with  the  sound  pro- 
duction of  groupers  have  been  reported  only  in  general 
terms  as  bilateral  muscles  that  work  in  conjunction 
with  the  swim  bladder  (Hazlett  and  Winn,  1962).  A 
more  detailed  analysis  of  the  mechanisms  and  process- 
es responsible  for  sound  production  of  groupers  and  the 
associated  behavioral  context  is  warranted  given  the 
unusual  modulated  tones. 

Estimates  of  acoustic  communication  ranges  for  fish 
require  data  on  source  levels  and  hearing  thresholds, 
along  with  site-specific  information  on  loss  of  signal 
transmission  and  on  background  levels.  Locascio  and 
Mann  (2011b)  estimated  that  the  acoustic  communica- 
tion range  of  black  drum  was  33-108  m on  the  basis  of 
direct  measurements  of  each  of  these  parameters  and 
found  that  the  range  for  this  species  was  limited  by 
background  levels  rather  than  by  hearing  thresholds. 
Data  for  the  complete  suite  of  these  parameters  do 
not  exist  for  any  grouper  species;  however,  based  on 
the  highest  received  levels  of  142.0  dB  SPL  (re:  IpPa) 
reported  by  Nelson  et  al.  (2011)  for  red  grouper  and 
of  149.9  dB  SPL  (re:  IpPa)  recorded  in  our  study  for 
black  grouper,  a reasonable  estimate  of  communication 
ranges  of  groupers  in  a noisy  reef  habitat  would  be  on 
the  order  of  tens  of  meters. 

Spawning  sites  of  black  grouper  are  not  well  known 
in  the  United  States.  Only  2 probable  spawning  sites 
have  been  documented  in  the  literature,  one  in  the 
Florida  Keys  Marine  Sanctuary  (Eklund  et  al.,  2000) 
and  the  other  at  Mona  Island,  Puerto  Rico  (Scharer 
et  al.,  2013).  In  addition  to  demonstrating  that  Riley’s 
Hump  is  also  a likely  spawning  site  for  black  grouper, 
the  information  generated  in  this  study  can  be  used  to 
help  document  other  spawning  aggregation  sites  and 
provide  opportunities  to  learn  more  about  the  role  of 
sound  production  by  this  species. 

The  source  of  sounds  produced  in  the  range  of 
300-400  Hz  was  verified  as  longspine  squirrelfish  by 
comparing  descriptions  of  the  call  of  this  species  made 
by  Winn  et  al.  (1964)  and  that  made  in  our  study 
with  a handheld  A/V  system.  Recordings  were  made 
as  longspine  squirrelfish  emitted  sounds  just  before 
retreating  into  their  den  after  they  were  approached 
by  a diver.  This  agonistic  behavior  is  associated  with 
sound  production  by  this  species.  This  behavioral  con- 
text, together  with  this  species’  strong  site  fidelity  to 
dens  (Menard,  et.  al,  2008)  and  its  nocturnal  behav- 
ior, may  explain  the  crepuscular  pattern  observed  in 
sound  production  by  this  species  in  our  study.  Other 
less  commonly  observed  holocentrid  species  that  oc- 
cupy Riley’s  Hump  s include  the  longjaw  squirrelfish 
( Neoniphon  marianus)  and  blackbar  soldierfish  ( Myri - 
pristis  jacobus).  Sound  production  by  these  species  has 
not  yet  been  documented  in  the  field,  but  on  the  basis 
of  their  taxonomy  it  is  likely  that  these  species  do  pro- 
duce sounds. 

Acoustic  signals  generated  in  the  range  of  500-800 


114 


Fishery  Bulletin  1 14(1) 


Hz  were  attributed  to  the  bicolor  damselfish  on  the  ba- 
sis of  analysis  of  A/V  recordings  and  comparison  with 
descriptions  of  the  acoustic  signature  and  associated 
behavior  of  this  species  by  Myrberg  (1972).  Sound  pro- 
duction, termed  chirping,  is  used  in  conjunction  with 
short  vertical  ascents  and  dives,  termed  dipping,  by 
males  to  attract  females  to  nest  sites.  Lunar  patterns 
in  sound  production  were  very  similar  to  those  pat- 
terns described  for  spawning  by  this  species.  Schmale 
(1981)  reported  that  most  spawning  by  bicolor  dam- 
selfish occurred  between  the  full  moon  and  just  after 
the  first  quarter  moon — timing  that  corresponds  to 
the  onset  and  sustained  period  of  sound  production 
by  bicolor  damselfish  that  was  recorded  in  our  study. 
Sound  production  was  sustained  at  high  levels  beyond 
the  first  quarter  moon  to  about  the  time  of  the  new 
moon  and  then  decreased  sharply.  Hatching  occurs  for 
this  species  near  the  time  of  the  new  moon  (Schmale, 
1981);  therefore,  the  prolonged  period  of  sound  produc- 
tion that  extended  past  the  time  of  spawning  is  likely 
associated  with  nest  guarding.  The  bicolor  damselfish 
is  among  the  most  abundant  pomacentrids  reported  in 
visual  surveys  made  by  divers  at  Riley’s  Hump  as  part 
of  our  study.  Other  common  pomacentrids  at  the  study 
sites  included  the  blue  chromis  ( Chromis  cyanea)  and 
purple  reeffish  (C.  scotti),  neither  of  which  have  been 
documented  as  sound  producers,  but  it  is  a possibil- 
ity that  they  produce  sounds  given  the  common  use  of 
sound  by  this  family. 

The  seasonal  and  lunar  timing  of  the  sounds  pro- 
duced at  500-800  Hz  do  overlap  somewhat  with  the 
period  of  reproductive  aggregation  of  mutton  snapper 
at  Riley’s  Hump  in  May-July.  However,  on  many  oc- 
casions when  videos  of  large  schools  of  mutton  snap- 
per were  recorded  by  remote  A/V  systems,  as  well  as 
video  of  courtship  and  spawning  behavior  (senior  au- 
thor, unpubl.  data),  the  call  type  of  this  species  was  not 
recorded  coincidentally,  and  there  is  yet  no  published 
evidence  of  sound  production  by  snappers. 

The  potential  of  Riley’s  Hump  as  a source  of  mut- 
ton snapper  larvae  for  the  Florida  Keys  and  southeast- 
ern Florida  was  demonstrated  by  Domeier  (2004).  Its 
upstream  location  in  the  Florida  Reef  Tract  positions 
Riley’s  Hump  as  the  starting  point  of  a larval  path- 
way that  could  populate  downstream  juvenile  habitats 
throughout  the  Florida  Keys  and  southeastern  Florida. 
In  addition  to  being  a documented  spawning  aggrega- 
tion site  for  mutton  snapper,  Riley’s  Hump  is  a loca- 
tion where  divers  have  observed  courtship  behavior  of 
permit  ( Trachinatus  falcatus),  and  it  has  been  recorded 
with  the  use  of  A/V  systems.  The  general  geomorphol- 
ogy of  Riley’s  Hump  is  consistent  with  features  of 
multispecies  spawning  aggregation  sites  described  by 
Heyman  and  Kobara  (2010).  The  results  of  this  study 
provide  additional  documentation  of  the  importance  of 
Riley’s  Hump  as  a multispecies  spawning  site  and  a 
possible  source  of  larval  recruits  for  populations  of  red 
hind,  red  grouper,  and  black  grouper. 

Ault  et  al.  (2008b)  reported  spawning  potential  ra- 
tios of  0.8%  and  17.7%  for  black  grouper  and  red  grou- 


per in  the  Florida  Keys,  respectively.  These  values  are 
far  below  the  federally  defined  benchmark  of  30%  for 
sustainability  of  these  species,  especially  for  the  black 
grouper.  Although  a managed  species,  the  red  hind  is 
not  currently  targeted  commercially  in  the  southeast- 
ern United  States  but  is  targeted  in  the  U.S.  Carib- 
bean; this  species  was  the  focus  of  a stock  assessment 
recently  held  by  Southeast  Data  Assessment  and  Re- 
view (SEDAR6).  Estimates  of  spawning  potential  ratios 
for  this  species  are  unavailable. 

Results  from  this  study  indicate  that  at  least  3 eco- 
nomically important  grouper  species  use  Riley’s  Hump 
as  a reproductive  habitat,  further  indicating  its  impor- 
tance as  part  of  a marine  reserve  and  the  need  for  con- 
tinued research  to  understand  its  significance  on  the 
recovery  of  fish  populations  in  the  southeastern  United 
States.  Sonic  tagging  of  groupers  at  Riley’s  Hump  dur- 
ing the  spawning  season  could  provide  useful  informa- 
tion on  whether  they  are  resident  or  transient  and  on 
their  geographic  range,  especially  in  regard  to  the  re- 
serve boundaries  and  level  of  connectivity  that  may  ex- 
ist among  regional  populations.  For  example,  estimated 
mean  home  ranges  of  black  grouper  and  red  grouper 
in  the  Dry  Tortugas  were  1.44-7.72  km2;  a range  of 
areas  slightly  smaller  than  that  of  Riley’s  Hump  and 
considerably  smaller  than  the  total  area  (206  km2)  of 
the  TSER  (Farmer  and  Ault,  2011). 

Remote  monitoring  of  fish  behavior  with  passive 
acoustics  was  especially  effective  for  assessment  of  the 
use  of  spawning  habitat  in  the  deep  water  adjacent 
to  the  highest  vertical  relief  associated  with  Riley’s 
Hump.  Little  is  known  about  fish  use  of  this  deepwater 
habitat  because  most  research  has  been  conducted  on 
the  hump  at  depths  <37  m.  Black  grouper,  red  grouper, 
and  red  hind  all  used  site  RHDW,  and  it  was  the  pre- 
ferred site  of  red  grouper  and  red  hind  during  the  2012 
spawning  season.  Divers  also  reported  that  they  saw 
a school  of  50-100  cubera  snapper  ( Lutjanus  cyanop- 
terus)  during  the  dive  to  recover  the  acoustic  recorder 
at  site  RHDW  in  July  2012. 

In  addition  to  providing  the  first  evidence  of  the  use 
of  Riley’s  Hump  by  groupers  for  reproductive  purposes, 
we  provide  evidence  of  the  value  of  the  use  of  passive 
acoustics  for  exploring  long-term  monitoring  of  habitat 
use  by  important  sound-producing  fish.  Such  efforts 
will  continue  to  be  useful  for  fishery  biologists  and 
ecologists  but  will  require  the  skilled  management  of 
large  data  sets  and  additional  work  for  the  documenta- 
tion of  sound  production  by  other  species. 
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Abstract— Tourism  is  vital  to  the 
economy  of  small  island  states  like 
The  Bahamas  and  is  closely  linked 
to  fisheries.  Fish  is  a protein  source 
for  tourists  and  residents,  and  both 
groups  expect  to  catch  and  eat  local 
fish.  To  adequately  manage  these 
dual  demands,  we  need  to  know  total 
removals  of  fish,  as  well  as  patterns 
of  demand  by  tourists  and  residents 
in  the  past  and  present.  Using  a re- 
construction approach,  we  performed 
a comprehensive  accounting  of  fish- 
eries catches  in  The  Bahamas  from 
commercial  and  noncommercial  sec- 
tors for  1950-2010  and  estimated 
the  demand  from  tourism  over  the 
same  period.  Our  results  distinctly 
contrast  with  national  data  supplied 
to  the  Food  and  Agriculture  Organi- 
zation of  the  United  Nations  (FAO), 
which  presents  only  commercial 
landings.  Reconstructed  total  catch- 
es (i.e.,  reported  catches  and  esti- 
mates of  unreported  catches)  were 
2.6  times  the  landings  presented  by 
the  FAO  for  The  Bahamas.  This  dis- 
crepancy was  primarily  due  to  unre- 
ported catches  from  the  recreational 
and  subsistence  fisheries  in  the  FAO 
data.  We  found  that  recreational 
fishing  accounted  for  55%  of  recon- 
structed total  catches.  Furthermore, 
75%  of  reconstructed  total  catches 
were  attributable  to  tourist  demand 
on  fisheries.  Incomplete  accounting 
for  catches  attributed  to  the  tourist 
industry,  therefore,  makes  it  difficult 
to  track  potentially  unsustainable 
pressures  on  fisheries  resources. 
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Tourism  is  one  of  the  largest  and 
fastest  growing  industries  globally 
(UNWTO,  2014a),  and  is  vital  to 
many  small  island  developing  states 
in  which  it  can  account  for  more  than 
one-quarter  of  gross  domestic  product 
(GDP)  (UNWTO,  2014b).  In  addition 
to  its  influence  on  island  economies, 
tourism  can  have  large  effects  on  the 
extraction  of  natural  resources  like 
fisheries,  particularly  in  the  Carib- 
bean, where  visitors  can  greatly  out- 
number resident  populations  (Table 
1,  Fig.  1).  Tourism,  through  recre- 
ational fishing  and  the  consumption 
of  local  seafood  by  tourists,  increases 
the  demand  on  local  fisheries. 

Consider  the  case  of  the  Common- 
wealth of  The  Bahamas,  a nation  of 
small  islands,  for  which  tourism  is 
the  primary  industry,  which  account- 
ed for  51%  of  GDP  in  2003  (Sacks1). 
Located  in  the  northern  Caribbean 
east  of  Florida  and  northeast  of  Cuba, 


1  Sacks,  A.  2006.  The  Bahamas  total 
tourism  economic  impact:  preliminary 
results,  8 p.  Report  prepared  for  Min- 
istry of  Tourism,  The  Bahamas.  Global 
Insight  Inc,  Waltham,  MA. 


between  20-27°N  and  72-79°W,  The 
Bahamas  form  an  archipelago  of 
more  than  3000  low-lying  islands 
and  cays.  They  comprise  a total  land 
area  of  just  under  14,000  km,2  and 
the  area  of  its  exclusive  economic 
zone  (EEZ)  is  more  than  629,000  km2 
(Fig.  2).  Tourism  did  not  become  a 
year-round  industry  in  The  Bahamas 
until  the  1950s,  when  the  advent  of 
air-conditioning  in  local  hotels  made 
the  hotter  months  of  the  year  bear- 
able for  visitors  (Cleare,  2007).  Since 
then,  the  total  number  of  visitors 
per  year  has  grown  substantially;  by 
2010,  visitors  swelled  to  more  than 
5.3  million  per  year  (The  Bahamas 
Ministry  of  Tourism2)  and  outnum- 
bered the  resident  population  of  more 
than  350,000  (The  Bahamas  Depart- 
ment of  Statistics3)  by  an  order  of 
magnitude  (Table  1,  Fig.  1). 


2 The  Bahamas  Ministry  of  Tourism. 
2011.  December  2010  preliminary  re- 
vised foreign  arrivals  by  first  port  of  en- 
try. [Spreadsheet  available  at  website.] 

3 The  Bahamas  Department  of  Statistics. 
2010.  Percentage  distribution  of  popu- 
lation by  island:2000  and  2010  Census- 
es, 1 p.  [Available  at  website.] 
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Table  1 


Number  of  tourists  compared  with  residents  in  2010  for  the  Caribbean  countries  and  territories  where  the  top  10  greatest 
number  of  stopover  visitors  were  reported  that  year. 


Country 

Stopover 
visitors 
(103) J 

Cruise 

visitors 

(103U 

Total 

visitors 

(103) 

Resident 

population 

(103U 

Stopover 
visitors  as 
% of  resident 
population 

Mean  length 
of  stay  for 
stopover  visitors 
(nights) 1 

Aruba 

824 

569 

1394 

108 

763 

7.8 

Bahamas 

1370 

3810 

5180 

347 

395 

6.8 

Barbados 

532 

665 

1197 

275 

194 

9.8 

Cuba 

2532 

unavailable 

unavailable 

11,242 

23 

10.9 

Dominican  Republic 

4125 

353 

4477 

9974 

41 

9.2 

Jamaica 

1922 

910 

2831 

2702 

71 

9.0 

Martinique 

476 

75 

551 

400 

119 

13.3 

Puerto  Rico 

1369 

1191 

2560 

3979 

34 

2.6 

St.  Maarten 

443 

1513 

1956 

37 

1198 

unavailable 

U.S.  Virgin  Islands 

691 

1859 

2550 

110 

628 

unavailable 

1 Source:  Caribbean  Tourism  Organization. 


The  combined  demand  for  local  fishes  in  The  Baha- 
mas by  a burgeoning  tourist  industry  and  a growing 
resident  population  raises  an  important  question:  can 
domestic  fisheries  keep  up  with  the  current  patterns 
of  fishing  and  seafood  consumption  of  both  groups  in 
the  long  term?  To  address  this  question,  comprehen- 
sive statistics  on  total  removals  from  commercial  and 
noncommercial  fishing  sectors  and  on  patterns  of  local 
demand  on  fisheries  by  tourists  and  residents  are  fun- 
damental, as  are  assessments  of  the  status  of  stocks  of 
the  main  target  species.  The  government  of  The  Baha- 
mas, however,  currently  lacks  the  financial  resources 
and  technical  expertise  needed  to  adequately  assess 
fish  stocks  (CFU4),  and  it  does  not  track  the  local  de- 
mand on  fisheries  by  either  residents  or  tourists.  Simi- 
larly, although  some  national  statistics  exist  for  com- 
mercial landings,  catch  from  other  important  noncom- 
mercial sectors,  like  recreational  fishing,  are  ignored. 

Fisheries  in  The  Bahamas,  like  most  tropical  near- 
shore fisheries  of  the  Caribbean,  western  Pacific,  and 
Southeast  Asia,  are  data  poor  in  that  they  lack  con- 
ventional, “scientific”  data  (e.g.,  on  stock  age  structure, 
natural  and  fishing  mortality,  catch  per  unit  of  effort 
over  time)  or  lack  rigorous  analyses  of  reliable  data 
(Johannes,  1998;  Bentley  and  Stokes,  2009).  In  such 
instances,  a variety  of  alternative  approaches  to  tradi- 
tional stock  assessment  have  been  used  to  develop  ref- 
erence points  for  management — methods  that  include 
sequential  trends  analysis  (e.g.,  depletion-corrected 
average  catch  [DCAC],  MacCall,  2009;  cumulative  sum 
[CUSUM],  Manly  and  Mackenzie,  2000),  vulnerability 
analysis  (e.g.,  productivity-susceptibility  analysis  of 


4 CFU  (CARICOM  Fisheries  Unit).  2001.  Report  of  the  mul- 
tidisciplinary survey  of  the  fisheries  of  the  Bahamas,  43  p. 
CFU,  Belize  City,  Belize.  [Available  at  website.] 


vulnerability  [PSA],  Field  et  ah,  2010),  and  extrapola- 
tion (e.g.,  Robin  Hood  approach.  Smith  et  ah,  2009). 

These  methods  for  analysis  of  data-poor  fisheries  of- 
ten overlap,  are  complementary,  or  are  nested  within 
other  methods.  Moreover,  these  methods  differ  in  their 
requirements  for  the  quality  and  quantity  of  data  and, 
therefore,  involve  varying  degrees  of  uncertainty  and 
require  precautionary  buffers  (Honey  et  al.,  2010).  For 
example,  a variety  of  techniques  are  used  in  sequen- 
tial trends  analysis  to  detect  trends  and  infer  changes 
in  fish  populations  or  stocks  from  available  time-se- 
ries data,  whereas  extrapolation  methods,  such  as  the 
Robin  Hood  approach,  are  used  when  virtually  no  con- 
ventional, scientific  data  are  available.  For  the  latter 
analyses,  the  local  knowledge  of  fishermen  and  other 
resource  users  are  used,  as  well  as  the  information  in- 
ferred from  assumptions  based  on  data-rich  fisheries 
(Honey  et  al.,  2010). 

In  this  study,  we  used  the  recent,  globally  estab- 
lished catch  reconstruction  approach  of  Zeller  et  al. 
(2007,  2015)  for  data-limited  fisheries,  a method  that 
also  has  been  used  successfully  in  nontropical  areas 
(e.g.,  Zeller  et  al.,  2011a,  2011b),  to  retroactively  es- 
timate a time  series  of  commercial  and  noncommer- 
cial marine  fisheries  catches  for  The  Bahamas  during 
1950-2010.  We  chose  the  year  1950  as  our  starting 
point  because  it  is  the  first  year  for  which  data  were 
available  in  the  global  landings  database  of  the  FAO. 
Another  objective  of  this  study  was  to  estimate  local 
demand  on  fisheries  by  the  tourist  industry  over  the 
same  period.  As  described  previously,  tourism  is  the 
primary  industry  in  The  Bahamas  and  is  closely  linked 
to  fisheries.  To  better  understand  historical  trends  in 
fisheries  catches  (and  predict  future  trends),  we  must 
view  these  patterns  in  light  of  changes  in  tourist  de- 
mand on  local  fisheries. 
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Figure  1 

For  The  Bahamas  during  1950-2010,  (A)  number  of  residents  com- 
pared with  total  number  of  visitors  and  (B)  number  of  residents  com- 
pared with  total  number  of  stopover  visitors,  who  stay  at  least  one 
night,  and  total  number  of  cruise  ship  visitors,  who  partake  in  shore 
visits. 


Materials  and  methods 

Reconstruction  of  marine  fisheries  catches 

Reconstruction  of  fisheries  catches  is  an  approach  to 
retroactively  estimate  catches  when  reliable  time-se- 
ries data  are  lacking  (Zeller  et  al.,  2007,  2015).  In  some 
instances,  this  approach  has  involved  interpolations, 
cautious  extrapolation,  and  assumptions  based  on  local 
expert  opinion  in  lieu  of  quantitative  data.  The  use  of 
interpolations,  extrapolation,  and  assumptions  has  re- 
sulted in  potentially  higher  uncertainty  in  some  of  the 
data  provided  here  (see  also  Zeller  et  al.,  2011a,  2015), 
but  this  approach  is  justifiable  because  of  the  unaccept- 
able alternative,  namely  that  catches  for  missing  sec- 
tors, taxa,  or  time  periods  would  be  interpreted  as  zero 
catches — an  outcome  that  has  serious  consequences  for 
effective  management  and  conservation  (Pauly,  1998). 


The  catch  reconstruction  approach 
used  here  consists  of  7 general  steps 
(Zeller  et  al.,  2007,  2015): 

1.  Identification  of  existing  time-series 
data  on  catches  to  validate  the  quality 
of  data  transfer  from  national  (e.g.,  an- 
nual reports  from  the  Bahamas  Depart- 
ment of  Marine  Resources,  previously 
named  the  Department  of  Fisheries)  to 
international  (e.g.,  FAO  reported  land- 
ings data  by  FAO  area,  taxon,  and  year) 
levels. 

2.  Identification  of  sectors,  time  periods, 
taxa,  etc.  not  covered  by  step  1 through 
literature  searches  and  local  expert 
consultations. 

3.  Search  for  available  information  sourc- 
es to  serve  as  alternatives  to  missing 
catch  data  identified  in  step  2,  through 
comprehensive  literature  searches  and 
local  expert  consultations.  In  this  step, 
we  look  for  any  source  of  information, 
including  case  studies,  health  studies, 
household  surveys,  technical  reports, 
data  sets,  and  expert  opinion. 

4.  Development  of  data  anchor  points  in 
time  for  missing  segments  based  on 
data  and  information  sources  discov- 
ered in  step  3,  and  expansion  of  them 
to  countrywide  catch  estimates  for  each 
sector  or  taxa  by  using  clearly  stated 
and  conservative  assumptions. 

5.  Application  of  interpolation  for  time 
periods  between  data  anchor  points 
for  each  fishing  sector  or  taxa,  either 
linearly  or  on  the  basis  of  assumptions 
for  commercial  sectors,  and  application 
of  interpolation,  typically  through  per 
capita  catch  rates  for  noncommercial 
sectors,  taking  into  account  major  po- 
litical, socioeconomic,  and  environmen- 
tal impacts. 

6.  Estimation  of  final  time  series  of  total  catch  by  com- 
bining reported  catches  (identified  in  step  1)  and 
interpolated,  country-expanded,  missing  data  seg- 
ments (produced  in  step  5).  The  final  data  series 
shows  catch  by  fisheries  sector,  taxon,  and  year.  We 
define  fisheries  sectors  using  country-  or  regional- 
specific  definitions:  large-scale  commercial,  arti- 
sanal (small-scale  commercial),  subsistence  (small- 
scale  noncommercial),  and  recreational  (small-scale 
noncommercial) 

7.  Expression  of  the  level  of  uncertainty  in  the  data 
and  information  sources  and  in  the  assumptions 
made  during  reconstruction,  by  fishing  sectors  and 
time  periods  of  the  reconstruction.  This  final  step  is 
based  on  “scoring”  criteria  inspired  by  the  Intergov- 
ernmental Panel  on  Climate  Change  (Mastrandrea 
et  al.,  2010;  Table  2).  Because  the  senior  author  of 
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Table  2 

Score  used  for  evaluating  the  quality  of  the  time  series  of  reconstructed  catches,  with  their  range  of  uncertainty  (Intergov- 
ernmental Panel  on  Climate  Change  [IPCC]  criteria  from  Figure  1 of  Mastrandrea  et  al.  [2010]). 

Range  of  uncertainty 

Score 

- % 

+ % 

Corresponding  IPCC  criteria 

4 

Very  high 

10 

20 

High  agreement  between  multiple  sources  for  the  same  data  and  robust  evi- 
dence of  data  accuracy 

3 

High 

20 

30 

High  agreement  between  multiple  sources  for  the  same  data  and  medium  evi- 
dence of  data  accuracy,  or  medium  agreement  between  multiple  sources  for 
the  same  data  and  robust  evidence  of  data  accuracy 

2 

Low 

30 

50 

High  agreement  between  multiple  sources  for  the  same  data  and  limited  evi- 
dence of  data  accuracy,  or  medium  agreement  between  multiple  sources  for 
the  same  data  and  medium  evidence  of  data  accuracy,  or  low  agreement 
between  multiple  sources  for  the  same  data  and  robust  evidence  of  data 
accuracy 

1 

Very  low 

50 

90 

Low  agreement  between  multiple  sources  for  the  same  data  and  low  evidence 
of  data  accuracy 

the  study  described  here  was  most  familiar  with  the 
data  and  information  sources  used,  she  reviewed  the 
underlying  data  and  assumptions  of  the  reconstruc- 
tion, by  fishing  sectors  and  by  3 time  periods,  and 
assigned  relative  uncertainty  scores,  by  sector  and 
time  period.  Scores  were  then  catch-weighted  by  sec- 
tor to  derive  average  upper  and  lower  ranges  of  un- 
certainty for  each  of  3 time  periods  (Table  3):  early 
(1950-1969),  mid  (1970-1989)  and  late  (1990-2010). 
Note  that  scoring  does  not  reflect  the  method  of  re- 
construction but  actually  the  relative  “trustworthi- 
ness” of  the  data  and  information  sources  per  sector 
and  time  period. 

Details  on  these  steps  in  general  and  as  they  were 
applied  specifically  to  The  Bahamas  are  provided  in 
Zeller  et  al.  (2015)  and  Smith  and  Zeller5,  respectively. 
Here,  we  summarize  the  major  information  and  data 
sources,  approaches,  and  assumptions  involved  in  esti- 
mating catches  from  3 sectors:  1)  commercial  fisheries, 
which  is  further  subdivided  into  the  artisanal  fishery 
and  the  large-scale  fishery  for  Caribbean  spiny  lobster 
( Panulirus  argus)\  2)  subsistence  fishery;  and  3)  recre- 
ational fishery.  We  also  estimated  the  demand  on  fisher- 
ies from  the  tourist  industry  for  the  period  1950-2010. 
It  is  of  key  importance  for  readers  to  understand  that 
we  aim  to  address  and  improve  the  accuracy  of  catch 
data,  and  not  the  precision  of  the  estimates,  as  we  at- 
tempt to  address  an  inherent  negative  bias  in  reported 
data  (i.e.,  the  result  of  the  absence  of  data,  and  hence 
effective  substitution  with  a zero,  for  catches  taken  by 
sectors,  such  as  recreational  fisheries,  that  are  not  part 


5  Smith,  N.  S.,  and  D.  Zeller.  2013.  Bahamas  catch  recon- 
struction: fisheries  trends  in  a tourism-driven  economy 
(1950-2010),  28  p.  Fisheries  Centre  Working  Paper  #2013- 
08.  Univ.  British  Columbia,  Vancouver,  Canada.  [Available 
at  website.] 


of  the  current  data  monitoring  system;  see  also  Covey, 
2000). 

Commercial  fishery 

The  Bahamas  provide  national  data  on  only  commer- 
cial (i.e.,  both  artisanal  and  large-scale  Caribbean 
spiny  lobster)  landings  to  FAO  (Braynen6).  We  com- 
pared available  national  statistics  (based  on  data  from 
annual  reports  published  by  colonial  and  national 
governments  of  The  Bahamas  [HMSO7,  BDF8])  with 


6 Braynen,  M.  2011.  Personal  commun.  The  Bahamas  De- 
partment of  Marine  Resources,  Nassau,  The  Bahamas  3028. 

7 HMSO  (Her  Majesty’s  Stationery  Office).  1952.  Report  for 
The  Bahama  Islands,  1950-1951,  42  p.  Colonial  Annual  Re- 
ports. Colonial  Office,  HMSO,  London. 

HMSO  (Her  Majesty’s  Stationery  Office).  1955.  Report  for 
The  Bahama  Islands,  1952-1953,  48  p.  Colonial  Annual  Re- 
ports. Colonial  Office,  HMSO,  London. 

HMSO  (Her  Majesty’s  Stationery  Office).  1957.  Report  for 
The  Bahama  Islands,  1954-1955,  50  p.  Colonial  Annual  Re- 
ports. Colonial  Office,  HMSO,  London. 

HMSO  (Her  Majesty’s  Stationery  Office).  1959.  Report  for 
The  Bahama  Islands,  1956-1957,  64  p.  Colonial  Annual  Re- 
ports. Colonial  Office,  HMSO,  London. 

HMSO  (Her  Majesty’s  Stationery  Office).  1961.  Report  for 
The  Bahama  Islands,  1958-1959,  70  p.  Colonial  Annual  Re- 
ports. Colonial  Office,  HMSO,  London. 

HMSO  (Her  Majesty’s  Stationery  Office).  1963.  Report  for 
The  Bahama  Islands,  1960-1961,  75  p.  Colonial  Annual  Re- 
ports. Colonial  Office,  HMSO,  London 

8 BDF  (Bahamas  Department  of  Fisheries).  1990.  Annual 
Report  1990,  85  p.  BDF,  Nassau,  The  Bahamas. 

BDF  (Bahamas  Department  of  Fisheries).  1991.  Annual 
Report  1991,  130  p.  BDF,  Nassau,  The  Bahamas. 

BDF  (Bahamas  Department  of  Fisheries).  1992.  Annual 
Report  1992,  85  p.  BDF,  Nassau,  The  Bahamas. 

BDF  (Bahamas  Department  of  Fisheries).  1993.  Annual 
Report  1993,  116  p.  BDF,  Nassau,  The  Bahamas. 

BDF  (Bahamas  Department  of  Fisheries).  1996.  Annual 
Report  1996,  35  p.  BDF,  Nassau,  The  Bahamas. 
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Figure  2 

Map  of  the  Commonwealth  of  The  Bahamas  showing  the  exclusive  eco- 
nomic zone  (EEZ),  which  has  an  area  of  more  than  629,000  km2,  and  shelf 
areas  (to  a depth  of  200  m)  that  cover  more  than  108,000  km2. 


FAO  data  that  we  accessed  through  the  FAO  applica- 
tion FishStatJ  (Capture  Production  data  set,  available 
at  website),  and  we  concluded  that  there  was  a good 
transfer  of  data  from  the  national  to  the  international 
level  for  the  postcolonial  period  (i.e.,  -1970-2010).  We, 
therefore,  used  FAO  data  as  the  basis  for  further  cal- 
culations for  1970-2010.  National  commercial  landings 
from  1970  to  2010,  however,  were  systematically  under- 
reported because  they  were  based  on  the  sampling  of 
a subset  of  landing  sites  (i.e.,  sites  where  commercial 
fishing  boats  “land”  or  dock)  and  there  was  no  attempt 
to  expand  the  data  set  to  include  sites  that  were  not 
sampled  (Braynen6).  Given  that  the  total  number  of 
landing  sites  in  The  Bahamas  is  unknown,  we  relied 
on  local  expert  opinion  from  staff  of  The  Bahamas  De- 
partment of  Marine  Resources  regarding  the  fraction  of 
commercial  catch  for  each  taxon  that  was  likely  not  to 
be  reported.  We  then  retroactively  adjusted  FAO  data 
from  1970  to  2010  to  account  for  countrywide,  unre- 
ported commercial  landings  (Braynen6;  Table  4). 

We  concluded  that  FAO  data  on  capture  tonnage 
are  underestimates  of  the  actual  tonnage  of  commer- 
cial catches  during  the  colonial  period  because  FAO 
data  did  not  closely  match  national  (colonial)  statistics 
for  the  period  1950-1969.  Colonial  statistics  for  these 
years  consisted  almost  entirely  of  domestic  catches  that 
were  exported.  For  example,  FAO  reports  a total  catch 
of  600  metric  tons  (t)  in  1950,  but  a Colonial  Annual 
Report  for  The  Bahamas  states  that  more  than  twice 
that  amount  (i.e.,  1381  t)  was  exported  as  Caribbean 
spiny  lobster  alone  in  that  year  (HMSO,  report  1950- 
19527).  To  address  the  problem  of  underreported  com- 
mercial catches,  we  calculated  the  average  per  capita 


commercial  catch  rate  for  the  years  1970-1975  (on  the 
basis  of  our  expanded,  countrywide  commercial  catch 
estimates)  and  applied  this  catch  rate  to  the  human 
population  census  data  for  1950-1969.  Our  method 
resulted  in  an  estimate  of  total  commercial  catch  for 
the  colonial  period  that  was  11%  higher  than  the  level 
reported  in  the  FAO  data.  We  acknowledge  that  per 
capita  commercial  catch  rates  likely  were  greater  in 
1970-1975  than  in  1950-1969;  however,  our  estimates 
for  earlier  time  periods  are  still  conservative  because 
our  assessment  of  total  commercial  catches  in  1950 
(i.e.,  1221  t)  was  less  than  the  level  reported  for  ex- 
ports of  Caribbean  spiny  lobster  alone. 

To  determine  the  taxonomic  composition  of  the  com- 
mercial catches  for  1950-2010,  we  combined  FAO  data 
with  statistics  from  the  annual  reports  published  by 
the  national  government  and  with  expert  opinion  of 
staff  from  the  Department  of  Marine  Resources  (for 
details,  see  Smith  and  Zeller5). 

Subsistence  fishery 

We  are  unaware  of  any  written  reports  that  quanti- 
fy the  extent  of  subsistence  fishing  in  The  Bahamas. 
Therefore,  we  relied  on  2 sources  to  estimate  catch 
from  this  sector:  1)  resident  population  data  and  2)  ex- 
pert opinion  of  staff  of  the  Department  of  Marine  Re- 
sources (Table  4). 

Using  the  groupings  and  definitions  used  in  The 
Bahamas,  we  divided  the  islands  of  The  Bahamas  into 
1)  the  more  developed  islands  of  New  Providence  and 
Grand  Bahama  and  2)  the  remaining,  less  developed  is- 
lands, which  are  referred  to  collectively  as  the  “Family 
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Table  3 

Fisheries  sectors  and  associated  ranges  of  uncertainty  for  reconstruction  of  catches  in  The  Bahamas  for 
3 time  periods.  We  divided  catch  into  3 sectors:  1)  commercial  fisheries,  which  was  further  subdivided 
into  the  artisanal  fishery  and  the  large-scale  fishery  for  Caribbean  spiny  lobster  ( Panulirus  argus),  2) 
the  recreational  fishery,  defined  as  small-scale  noncommercial  fishing  that  is  primarily  for  recreation 
and  in  which  catch  is  not  sold  or  bartered  and,  3)  subsistence  fishery,  defined  as  small-scale  noncom- 
mercial fishing  in  which  catch  does  not  enter  the  formal  market  but  is  taken  home  and  consumed  by 
fishermen  and  their  families  or  is  locally  bartered. 

Uncertainty  range 


Sector 

Years 

Score 

-% 

+% 

Artisanal 

1950-1969 

3 

20 

30 

Artisanal 

1970-1989 

4 

10 

20 

Artisanal 

1990-2010 

4 

10 

20 

Large-scale  Caribbean  spiny  lobster 

1950-1969 

2 

30 

50 

Large-scale  Caribbean  spiny  lobster 

1970-1989 

4 

10 

20 

Large-scale  Caribbean  spiny  lobster 

1990-2010 

4 

10 

20 

Recreational 

1950-1969 

1 

50 

90 

Recreational 

1970-1989 

2 

30 

50 

Recreational 

1990-2010 

3 

20 

30 

Subsistence 

1950-1969 

1 

50 

90 

Subsistence 

1970-1989 

1 

50 

90 

Subsistence 

1990-2010 

1 

50 

90 

Islands.”  Few  economic  opportunities  existed  for  most 
Bahamians  during  1950-1969,  particularly  in  the  less 
developed  Family  Islands.  On  the  basis  of  local  expert 
opinion,  we  assumed  that,  for  the  period  1950-1969, 
40%  of  the  residents  of  the  Family  Islands  ate  per  week 
the  equivalent  in  weight  of  2 plate-size  snappers  (i.e., 
-32.55  kg-person_1-year_1)  obtained  from  subsistence 
fishing  and  that  10%  of  residents  of  the  more  developed 
islands  of  New  Providence  and  Grand  Bahama  ate  per 
week  the  equivalent  in  weight  of  1 plate-size  snapper 
(i.e.,  -16.29  kg-person_1-year_1)  obtained  through  sub- 
sistence fishing  (Braynen6). 

Following  the  beginning  of  the  political  rule  of  the 
black  majority  in  1967  and  of  independence  from  Brit- 
ain in  1973,  economic  opportunities  increased  consid- 
erably for  most  Bahamians;  hence,  their  reliance  on 
subsistence  fisheries  was  expected  to  have  decreased. 
On  the  basis  of  local  expert  opinion,  we  assumed  that 
throughout  the  1970s  the  number  of  people  dependent 
on  subsistence  fisheries  steadily  decreased  so  that,  by 
1980-2010,  only  20%  of  residents  of  the  Family  Islands 
had  a subsistence  catch  rate  of  32.55  kg-person_1-year_1 
and  5%  of  the  residents  of  New  Providence  and 
Grand  Bahama  had  a subsistence  catch  rate  of  16.29 
kg-person_1-year_1  (Braynen6). 

We  are  unaware  of  any  published  subsistence  catch 
rates  for  other  Caribbean  countries  that  are  based  on 
empirical  data.  However,  our  estimates  are  comparable 
to  fresh  seafood  consumption  rates  determined  from 
household  surveys  for  Anguilla  (26.2  kg-person ^-year1) 
(Jones9)  and  for  the  Turks  and  Caicos  Islands,  where 


9 Jones,  T.  P.  1985.  The  fishing  industry  of  Anguilla  1985, 


97%  of  households  ate  fish  at  least  once  per  week, 
79%  ate  queen  conch  ( Strombus  gigas)  more  than  once 
per  week,  and  46%  of  households  consumed  Caribbe- 
an spiny  lobster  more  than  once  per  week  (Maitland, 
2006). 

To  determine  the  taxonomic  composition  of  subsis- 
tence catches  throughout  the  time  series,  we  assumed 
the  same  species  composition  and  relative  species 
proportions  as  those  of  the  commercial  shallow-water 
fisheries.  However,  we  excluded  deepwater  finfishes, 
sharks,  crabs,  and  sea  cucumbers  from  subsistence 
composition  (Smith  and  Zeller5). 

Recreational  fishery 

We  divided  recreational  catches  into  2 categories:  1) 
fish  that  were  caught  during  major  tournaments  and 
2)  fish  that  were  caught  for  recreation  outside  of  tour- 
naments (Table  4). 

The  United  States  Recreational  Billfish  Survey 
(RBS)  program  recorded  total  billfish  catches  (in  num- 
bers) and  effort  data  from  major  fishing  tournaments  in 
several  parts  of  the  Atlantic,  including  in  The  Bahamas 
during  1972-2007.  Data  from  the  RBS  also  include  the 
fate  of  fish  that  were  caught  (i.e.,  retained,  released,  or 
tagged  and  released  [Diaz  et  al.,  2007]).  We  used  data 
directly  from  the  RBS  program  to  determine  the  quan- 
tity of  blue  marlin  (Makaira  nigricans),  white  marlin 
(Kajikia  albida),  and  sailfish  (Istiophorus  platypterus) 
that  were  retained  during  tournaments  during  1972- 


38  p.  A report  prepared  for  the  Anguillan  government  and 
Commonwealth  Secretariat,  Anguilla. 
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Table  4 


Data  sources,  assumptions,  and  parameters  used  for  reconstruction  of  catches  in  The  Bahamas  for  the  period  1950-2010.  The 
FAO  data  used  for  this  study  came  from  the  Capture  Production  data  set  accessed  through  the  FAO  application  FishStatJ. 


Sector 


Year  Sources 


Comments 


Parameter 


Commercial 


Commercial 


Subsistence 


Subsistence 


Subsistence 


Recreational 
(billfish  catch  from 
major  tournaments) 


1950-1969  Assumption  and  resident 
population  census  data 


Used  mean  per  capita  commercial  catch  Per  capita  catch  rate  of  153.3 
rate  for  years  1970-1975  based  on  our  kg-person^-year-1 
expanded,  countrywide  commercial  catch 
estimates 


1970-2010  FAO  data  and  expert  opin-  Retroactively  raised  FAO  data  by  major 
ion  from  staff  of  The  Baha-  taxa  each  year  to  account  for  country- 

mas  Dep.  Mar.  Res.  wide,  unreported  commercial  landings 


Haemulon  spp.=l.l  times 
FAO  data 

Jacks  (Carangidae)=1.15 
times  FAO  data 
Nassau  grouper  (Epineph- 
elus  striatus)=  1.1  times  FAO 
data 

Other  groupers  (Epinepheli- 
dae)=l.l  times  FAO  data 
Misc.  marine  fishes=1.15 
times  FAO  data 
Queen  conch  (Strombus  gi- 
gas)=1.15  times  FAO  data 
Sharks=1.05  times  FAO  data 
Snappers  (Lutjanidae)=1.15 
times  FAO  data 
Caribbean  spiny  lobster 
(Panulirus  argus)=  1.05  times 
FAO  data 

Florida  stone  crab  ( Menippe 
mercenaria)=  1.03  times  FAO 
data 


1950-1969  Expert  opinion  of  staff  from  Assumed  a heavy  reliance  on  subsistence 
Dep.  Mar.  Res.  and  resident  fisheries  because  few  economic  opportu- 
population  census  data  nities  existed  for  most  Bahamians  dur- 

ing colonial  period 


Per  capita  subsistence 
catch  rate  of  32.55 
kg-person_1-year_1  for  40% 
of  residents  of  the  Family 
Islands 

Per  capita  subsistence 
catch  rate  of  16.29 
kg-person_1-year_1  for  10%  of 
residents  of  the  more  devel- 
oped islands  of  New  Provi- 
dence and  Grand  Bahama 


1970-1979  Assumption  Linearly  interpolated  total  annual  catch 

by  residents  of  the  Family  Islands  and 
of  New  Providence  and  Grand  Bahamas 
between  1969  and  1980. 


1980-2010  Expert  opinion  from  staff  of 
the  Dep.  Mar.  Res.  and  resi- 
dent population  census  data 


Assumed  reliance  on  subsistence  fisher- 
ies decreased  after  the  beginning  of  black 
majority  political  rule  in  1967  and  inde- 
pendence from  Britain  in  1973.  Assumed 
that  the  per  capita  subsistence  catch  rate 
was  the  same  as  the  rate  in  1950-1969 
but  that  the  percentage  of  people  depen- 
dent on  subsistence  fisheries  decreased 
by  50%  for  residents  of  the  Family  Is- 
lands and  of  New  Providence  and  Grand 
Bahama. 


Total  annual  subsistence 
catch  declined  by  27  t/year  for 
the  Family  Islands  and  by  7 t/ 
year  for  New  Providence  and 
Grand  Bahama 

Per  capita  subsistence 
catch  rate  of  32.55 
kg-person_1year_1  for  20% 
of  residents  of  the  Family 
Islands 

Per  capita  subsistence 
catch  rate  of  16.29 
kg-person'1-year_1  for  5%  of 
residents  of  more  developed 
islands  of  New  Providence 
and  Grand  Bahama 


1950 


Assumption  based  on  data 
from  the  U.S.  Recreational 
Billfish  Survey  (RBS) 
program 


There  were  fewer  tournaments  in  1950  Total  catch  was  3.65  t/year 

than  in  1972,  which  is  the  first  year  of 

RBS  data  for  The  Bahamas.  Assumed 

that  total  catches  in  1950  were  half  that 

of  1972. 
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Table  4 (continued) 

Sector 

Year 

Sources 

Comments 

Parameter 

Recreational  (billfish 
catch  from  major 
tournaments) 

1951-1971 

Assumption 

Linearly  interpolated  total  tournament 
catches  for  1951-1971. 

Total  catch  increased  at  rate 
of  0.17  t/year 

Recreational  (billfish 
catch  from  major 
tournaments) 

1972-2006 

Data  from  the  RBS  program 

Used  data  directly  from  the  RBS  program 

Contact  the  NOAA  Southeast 
Fisheries  Science  Center  for 
details 

Recreational  (billfish 
catch  from  major 
tournaments) 

2007-2010 

Assumption  based  on  data 
from  the  RBS  program 

Organizers  stopped  reporting  catches  to 
the  RBS  program  after  2007,  and  incom- 
plete reporting  likely  occurred  in  2007. 
Used  mean  annual  catch  for  the  years 
2000-2006  for  remainder  of  time  series 

Total  catch  of  6.08  t/year 

Recreational  (catch 
outside  of  tourna- 
ments— tourists) 

1950-1985 

Assumption  based  on  visitor 
arrival  data,  1980  visitor 
activities  survey  report  and 
1986  recreational  fishing 
regulations  for  visitors  to 
The  Bahamas 

Prior  to  1986,  there  were  no  maximum 
catch  limits  for  recreational  fishing.  As- 
sumed that  visitors  retained  twice  as 
much  as  the  maximum  per  capita  catch 
limits  stipulated  in  the  1986  legislation 

Per  capita  recreational  catch 
rate  of  136  kg-person-1  -visit-1 

Recreational  (catch 
outside  of  tourna- 
ments— tourists) 

1986-2006 

Visitor  arrival  data,  1980 
visitor  activities  survey 
report,  and  recreational 
fishing  regulations  for  visi- 
tors to  The  Bahamas 

Catch  rate  represents  80%  of  the  per  capi- 
ta allowable  catch  limit.  Assumed  that 
visitors  adhered  to  the  catch  limits 

Per  capita  recreational  catch 
rate  of  54  kg-person-1 -visit-1 

Recreational  (catch 
outside  of  tourna- 
ments— tourists) 

2007-2010 

Assumption  based  on  visitor 
arrival  data,  1980  visitor 
activities  survey  report,  and 
1986  recreational  fishing 
regulations  for  visitors  to 
The  Bahamas 

Recreational  fishing  legislation  revised 
with  the  aim  of  reducing  total  annual 
catch  by  50%.  Catch  rate  represents  50% 
of  the  per  capita  allowable  catch  limit 
based  on  1986  legislation.  Assumed  that 
visitors  adhered  to  the  catch  limits 

Per  capita  recreational  catch 
rate  of  34  kg-person-1-visit_1 

Recreational  (catch 
outside  of  tourna- 
ments— residents ) 

1950-1969 

Expert  opinion  from  staff  of 
the  Dep.  Mar.  Res.,  resident 
population  census  data,  and 
1986  recreational  fishing 
regulations  for  visitors 

Assumed  that  0.5%  of  residents  of  the 
Family  Islands  fished  for  recreation 
6 times  a year  and  1%  of  residents  of 
New  Providence  and  Grand  Bahama 
fished  for  recreation  4 times  a year.  For 
each  trip,  we  assumed  that  residents 
caught  50%  of  the  1986  maximum  per 
capita  catch  limits  for  visitors  (i.e.,  34 
kg-fisherman_1-trip-1). 

Recreational  catch  rate  of 
204  kg-fisherman-1-year-1 
for  residents  of  the  Fam- 
ily Islands  and  136 
kg-fisherman-1-year-1  for 
residents  of  New  Providence 
and  Grand  Bahama 

Recreational  (catch 
outside  of  tourna- 
ments— residents ) 

1970-2010 

Expert  opinion  from  staff  of 
the  Dep.  Mar.  Res.,  resident 
population  census  data,  and 

Assumed  that  recreational  fishing  in- 
creased with  increasing  economic  oppor- 
tunities, particularly  for  residents  of  New 

Recreational  catch  rate  of 
408  kg-fisherman-1year-1 
for  0.5%  of  residents  of  the 

recreational  fishing  regula-  Providence  and  Grand  Bahama.  Assumed  Family  Islands  and  272 
tions  for  visitors  that  both  the  percentage  of  residents  that  kg-fisherman-1-year-1  for  2% 

fished  for  recreation  and  the  frequency  of  of  residents  of  New  Provi- 

recreational  fishing  doubled  for  residents  dence  and  Grand  Bahama 
of  New  Providence  and  Grand  Bahama. 

Hence,  2%  of  residents  of  New  Providence 
and  Grand  Bahama  fished  for  recreation  8 
times  a year. 

Assumed  that  the  percentage  of  residents 
of  the  Family  Islands  that  fished  for  rec- 
reation did  not  change  during  1950-1969 
(i.e.,  0.5%)  but  that  the  frequency  with 
which  they  fished  doubled  to  12  times  a 
year. 

For  each  trip,  we  assumed  that  residents 
of  the  Family  Islands  and  of  New  Provi- 
dence and  Grand  Bahama  caught  50%  of 
the  1986  maximum  per  capita  catch  limits 
for  visitors  (i.e.,  34  kg-fisherman-1-trip-1). 
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2006  (Table  4).  Before  1972,  data  for  The  Bahamas 
were  not  collected  during  the  RBS  program,  and  there 
were  also  fewer  tournaments  and,  therefore,  presum- 
ably, lower  total  tournament  catches  (Cleare,  2007). 
Hence,  we  assumed  that  billfish  catches  in  1950  were 
half  those  in  1972,  and  we  linearly  interpolated  catch- 
es for  1951-1971  (Table  4).  In  2007,  the  quality  of  the 
tournament  catch  data  that  was  reported  to  the  RBS 
program  was  likely  to  have  deteriorated;  after  2007  or- 
ganizers stopped  reporting  catches  for  The  Bahamas  to 
the  RBS  program  altogether  (Venizelos10).  We,  there- 
fore, calculated  mean  annual  tournament  catch  for  the 
years  2000-2006  and  held  this  value  constant  for  the 
remainder  of  the  time  series,  although  this  calculation 
could  have  resulted  in  an  underestimate  (Table  4). 

It  is  important  to  note  that  other  pelagic  species, 
such  as  dolphinfish  ( Corypliaena  hippurus),  wahoo 
( Acanthocybium  solandri),  and  tunas,  are  also  caught 
during  tournaments.  We  did  not,  however,  have  access 
to  any  data  or  information  on  the  quantities  of  non- 
billfish  species  that  were  retained  during  tournaments. 
Therefore,  our  estimate  of  total  retained  catch  during 
tournaments  is  limited  to  billfish  species  and  is  highly 
conservative. 

To  estimate  catches  outside  of  tournaments,  we  sep- 
arated data  into  2 categories:  1)  fish  caught  by  visitors 
and  2)  fish  caught  by  residents. 

We  relied  on  3 information  sources  to  reconstruct 
visitor  catches:  1)  visitor  arrival  data;  2)  the  Ministry 
of  Tourism  visitor  activities  survey  report;  and  3)  recre- 
ational fishing  regulations  for  visitors  to  The  Bahamas 
(Table  4).  We  estimated  recreational  catch  of  visitors 
by  combining  data  on  the  number  of  visitors  per  year 
with  the  proportion  of  visitors  that  indicated  that  they 
fished  during  their  stay  (values  were  based  on  the  Min- 
istry of  Tourism  1980  visitor  activity  survey  report,  as 
presented  in  Thompson  [1989]),  along  with  per  capita 
maximum  allowable  catch  for  demersal  and  pelagic 
species,  as  stipulated  in  the  Fisheries  Resources  (Juris- 
diction and  Conservation)  Regulations  of  1986  [avail- 
able at  website].  We  estimated  a per  capita  recreational 
catch  rate  of  54  kg-person^-visit-1  during  1986-2006. 
This  catch  rate  was  determined  with  the  assumption 
that  the  proportion  of  visitors  that  fished  during  their 
stay  remained  constant  during  1986-2006  (i.e. , 6.2%, 
5.3%,  and  20.0%  of  stopover  visitors  to  New  Providence, 
Grand  Bahama,  and  the  Family  Islands,  respectively), 
and  this  rate  represents  80%  of  the  per  capita  allow- 
able catch  for  key  taxa.  This  catch  rate  is  conservative 
given  that  the  number  of  visitors  who  have  fished  in 
The  Bahamas  during  their  stay  has  increased  in  re- 
cent times  and  given  that  catches  by  visitors  to  The 
Bahamas  were  often  thought  to  exceed  maximum  catch 
limits  (Cox  et  ah,  2005). 

Before  1986,  there  were  no  maximum  catch  limits 
for  recreational  fishing  in  The  Bahamas.  Moreover, 
during  this  period  many  visitors  exploited  this  lack  of 


10Venizelos,  A.  2012.  Personal  commun.  Southeast  Fish. 
Sci.  Cent.,  Natl.  Mar.  Fish.  Serv.,  NOAA,  Miami,  FL  33149. 


regulation  by  actually  fishing  commercially  (Thompson, 
1989).  We,  therefore,  assumed  (on  the  basis  of  the  num- 
ber of  stopover  visitors  per  year  and  the  visitor  activ- 
ity survey  report)  that,  during  1950-1985,  visitors  who 
fished  in  The  Bahamas  during  their  stay  caught  and 
retained  twice  as  much  as  the  maximum  per  capita 
catch  limits  stipulated  for  key  taxa  in  the  1986  legis- 
lation (i.e.,  -136  kg-person_1-visit_1).  In  2007,  the  gov- 
ernment of  The  Bahamas  revised  the  maximum  catch 
limits  for  key  taxa  with  the  aim  of  reducing  total  catch. 
The  government  assumed  that  this  revision  would  re- 
sult in  a 50%  reduction  in  catches  from  the  catch  rate 
observed  in  1986  (Braynen6).  In  the  absence  of  better 
data,  we  accepted  this  assumption  and  applied  a recre- 
ational per  capita  catch  rate  of  34  kg-person_1-visit_1, 
estimating  that  visitors  caught  50%  of  the  1986  catch 
limits  for  key  taxa  (Table  4). 

Much  less  is  known  about  the  regular  recreational 
fishing  habits  of  residents.  Unlike  the  existence  of  legis- 
lation for  visitors,  there  is  currently  no  legislation  that 
limits  the  quantity  of  fish  that  may  be  caught  by  resi- 
dents for  recreational  purposes.  Therefore,  we  relied  on 
3 sources  to  estimate  catch  for  this  component:  1)  resi- 
dent population  data;  2)  expert  opinion  of  staff  from  the 
Department  of  Marine  Resources;  and  3)  The  Bahamas 
recreational  fishing  regulations  for  visitors  (Table  4).  We 
assumed  that,  during  1950-1969,  0.5%  of  residents  of 
the  Family  Islands  fished  for  recreation  6 times  a year 
and  1%  of  residents  of  New  Providence  and  Grand  Baha- 
ma fished  recreationally  4 times  a year  (Braynen6).  For 
each  trip,  it  was  assumed  that  residents  caught  50%  of 
the  1986  maximum  per  capita  catch  limits  for  key  taxa 
for  visitors  (i.e.,  34  kg-person_1-trip_1).  This  assumption 
amounts  to  an  annual  recreational  catch  rate  of  204 
kg-fisherman_1-year_1  and  136  kg-fisherman_1-year_1  for 
Family  Islanders  and  residents  of  New  Providence  and 
Grand  Bahama,  respectively. 

With  increasing  economic  opportunities  in  the  1970s, 
recreational  fishing  is  also  likely  to  have  increased,  par- 
ticularly on  New  Providence  and  Grand  Bahama.  Ac- 
cording to  expert  opinion  from  staff  of  the  Department  of 
Marine  Resources  (Braynen6),  during  1970-2010,  2%  of 
residents  of  New  Providence  and  Grand  Bahama  fished 
for  recreation  8 times  a year.  By  comparison,  although 
the  proportion  of  residents  fishing  recreationally  in  the 
Family  Islands  did  not  change,  the  frequency  with  which 
they  fished  increased.  Hence,  it  was  assumed  that  dur- 
ing 1970-2010,  0.5%  of  Family  Islanders  fished  for  recre- 
ation once  a month.  A catch  rate  of  34  kg-person_1-trip_1 
translates  to  annual  catches  of  272  kg-fisherman_1-year_1 
for  residents  of  New  Providence  and  Grand  Bahama  and 
to  a rate  of  408  kg-fisherman_1-year_1  for  residents  of  the 
Family  Islands. 

To  determine  the  taxonomic  composition  for  recre- 
ational catches  from  tournaments,  we  relied  on  infor- 
mation from  the  RBS  program;  for  catches  outside  of 
tournaments,  we  relied  on  3 sources:  1)  recreational 
fishing  regulations;  2)  Thompson  (1989);  and  3)  demer- 
sal catch  composition  from  commercial  fisheries  (for 
details,  see  Smith  and  Zeller5). 
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Use  of  expert  opinion  in  reconstruction  of  fisheries  catch 
data 

An  expert  is  someone  who  possesses  knowledge  about 
a given  topic  through  training,  research,  practicing  of 
skills,  or  personal  experience  (Burgman  et  al.,  2011). 
Elicitation  of  expert  opinion  has  been  used  for  a va- 
riety of  environmental  issues,  including  conservation 
(e.g.,  Murray  et  al.,  2009),  invasive  species  manage- 
ment (e.g.,  Kuhnert,  2011),  climate  change  impacts  (e.g., 
Morgan  et  al.,  2001),  and  models  of  managed  systems, 
such  as  logged  forests  (e.g.,  Crome  et  al.,  1996)  and  da- 
ta-limited  fisheries  (e.g.,  Griffiths  et  al.,  2007).  Many  of 
the  parameters  in  our  reconstruction  are  derived  from 
the  opinion  of  a single  expert  (i.e.,  M.  Braynen,  Direc- 
tor of  the  Department  of  Marine  Resources)  because 
of  limited  empirical  data  (Table  4).  Nevertheless,  we 
followed  the  5 general  steps  described  by  Martin  et  al. 
(2012)  to  elicit  expert  knowledge: 

1.  Decide  how  information  will  be  used; 

2.  Determine  what  to  elicit; 

3.  Design  the  process  for  eliciting  information; 

4.  Execute  the  process  for  eliciting  information;  and 

5.  Translate  the  information  for  use  in  a model. 

We  elicited  expert  information  both  directly  and 
indirectly  for  use  in  our  catch  reconstruction.  Direct 
elicitation  of  information  involved  posing  questions 
that  would  provide  quantitative  responses  that  could 
be  used  directly  in  the  reconstruction.  For  example,  we 
asked:  What  percentage  of  commercial  catch  of  Carib- 
bean spiny  lobster  do  you  think  is  unreported? 

In  contrast,  indirect  elicitation  of  information  in- 
volved posing  questions  that  resulted  in  responses  that 
were  subsequently  converted  to  quantitative  values  for 
use  in  our  reconstruction.  For  example,  to  come  up  with 
the  estimate  for  the  subsistence  catch  rate  of  32.55 
kg-person_1-year_1  for  40%  of  residents  of  the  Family 
Islands  during  1950-1969,  we  asked  2 questions:  1) 
what  percentage  of  residents  of  the  Family  Islands  do 
you  think  relied  on  subsistence  fishing  for  at  least  part 
of  their  dietary  requirements  from  1950  through  1969? 
and  2)  Given  your  answer  to  question  1,  if  we  estimat- 
ed the  amount  of  seafood  obtained  through  subsistence 
fishing  from  1950  through  1969  in  terms  of  the  number 
of  plate-sized  snappers  consumed  per  person  per  week, 
how  many  plate-size  snappers  per  person  per  week  do 
you  think  were  obtained  by  subsistence  fishing  in  the 
Family  Islands? 

In  all  instances,  information  was  elicited  through 
one-on-one  interviews  with  the  expert  either  in  person 
or  over  the  telephone.  It  should  be  noted,  however,  that 
we  did  not  directly  elicit  an  estimate  of  uncertainty 
around  a model  parameter  from  the  expert.  Instead, 
we  relied  on  the  more  general  approach  to  estimating 
uncertainty  involved  in  catch  reconstructions — an  ap- 
proach that  was  inspired  by  criteria  used  by  the  Inter- 
governmental Panel  on  Climate  Change,  as  previously 
described  (Mastrandrea  et  al.,  2010;  Table  2). 


As  with  any  research  method,  there  are  limitations 
to  expert  advice.  Most  notable  is  the  range  of  subjec- 
tive and  psychological  biases  that  experts,  and  indeed 
all  humans,  are  prone  to  (see  overview  in  Supporting 
Information  of  Martin  et  al.,  2012).  Given  the  above, 
we  agree  with  the  statement  of  Martin  et  al.  (2012) 
that:  “Expert  knowledge  should  be  regarded  only  as  a 
snapshot  of  the  expert’s  judgments  in  time,  and  expert 
assumptions  and  reasoning  should  be  documented  in 
such  a way  that  they  can  be  updated  as  new  empirical 
knowledge  accrues.” 

Tourist  demand  for  local  fishes 

We  separated  tourist  demand  for  local  fishes  into  2 cat- 
egories: 1)  demand  by  stopover  visitors  and  2)  demand 
by  visitors  who  arrived  on  cruise  ships.  For  our  study, 
we  define  stopover  visitors  as  tourists  that  spend  at 
least  one  night  in  The  Bahamas  (Cleare,  2007).  Most 
stopover  visitors  arrive  by  air,  but  some  of  them  arrive 
by  other  means  (e.g.,  private  yacht).  Stopover  visitors 
fish  recreationally  and  consume  local  fishes  in  restau- 
rants in  The  Bahamas.  In  contrast,  tourists  that  arrive 
by  cruise  ship,  as  defined  in  our  study,  typically  spend 
only  a few  hours  ashore  in  The  Bahamas  and  increase 
demand  for  local  fishes  only  through  seafood  consump- 
tion during  shore  visits. 

To  estimate  stopover  visitor  demand  for  local  fishes 
through  seafood  consumption  in  hotel  restaurants,  we 
designed  and  successfully  administered  a local  seafood 
consumption  survey  with  11  major  hotels  on  5 differ- 
ent island  groups.  Our  study  sample  represented  37% 
of  all  hotel  rooms  in  The  Bahamas  in  2010.  Hotels  in 
our  survey  ranged  in  size  from  19  to  2932  rooms.  In  all 
instances,  the  purchasing  manager  or  head  chef  of  a 
hotel  restaurant  completed  the  survey,  which  included 
requests  for  information  on  the  type,  quantity,  origin 
(i.e.,  The  Bahamas  versus  imported),  and  dollar  value 
of  fishes  supplied  to  the  restaurant  on  a yearly  basis 
(Smith  and  Zeller5). 

In  our  survey,  there  was  a suspiciously  large  quan- 
tity of  seafood  that  was  purported  to  be  of  local  ori- 
gin. We,  therefore,  assumed  that  10%  of  all  so-called 
local  seafood  was  actually  imported  and  we  adjusted 
consumption  accordingly.  Visitors  to  The  Bahamas  con- 
sume both  local  and  imported  (e.g.,  salmon)  seafood 
in  hotel  restaurants.  Our  study  focused  only  on  local 
seafood  consumption.  Overall  seafood  consumption  (i.e., 
both  local  and  imported  products)  by  visitors  to  The 
Bahamas  is  therefore  much  greater  than  our  estimates 
provided  here. 

Then  we  combined  tourist  data  (e.g.,  hotel  occupancy 
rates,  number  of  visitor  nights  per  year)  with  results 
from  our  survey  to  estimate  a consumption  rate  per 
stopover  visitor  for  consumption  of  local  seafood.  Al- 
though staff  at  hotels  provided  data  for  a period  that 
ranged  from  2 through  18  years,  most  hotels  provided 
data  for  only  the  last  2 years  of  our  time  series  (i.e., 
2009-2010).  We  are  unaware  of  any  previous  estimates 
of  local  seafood  consumption  rates  in  hotels  in  The 
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Bahamas.  Hence,  we  maintained  the 
average  consumption  rate  per  stop- 
over visitor  for  the  years  2009-2010 
based  on  our  survey  results  ( i.e. , 
0.49  kg-visitor_1-night_1  and  1.08 
kg-visitor_1-night_1  for  visitors  to  New 
Providence  and  Grand  Bahama  and  to 
the  Family  Islands,  respectively)  for 
the  remainder  of  the  time  series  (i.e., 
1950-2008),  although  this  extrapola- 
tion may  have  resulted  in  a slight 
overestimate  of  local  seafood  consump- 
tion rates  in  the  earliest  parts  of  the 
time  series  (e.g.,  the  1950s). 

Stopover  visitors,  by  fishing  recre- 
ationally,  also  increase  local  demand 
on  fisheries  resources  (see  the  previ- 
ous Recreational  fishery  section).  How- 
ever, because  our  tournament  data 
did  not  distinguish  between  resident 
and  tourist  individuals  that  fish,  we 
assumed  that  98%  of  all  tournament 
catch  was  taken  by  stopover  visitors. 
The  assumption  that  most  tourna- 
ment catch  was  taken  by  tourists  is 
based  on  the  fact  that  most  sport  fish- 
ing tournaments  in  The  Bahamas  are 
geared  toward  tourists  (Thompson, 
1989;  Cleare,  2007)  and  on  the  notion 
that  only  a small  percentage  of  the 
Bahamian  resident  population  fishes 
for  recreation  (see  the  previous  Recre- 
ational fishery  section). 

We  are  unaware  of  any  estimates 
of  local  seafood  consumption  by  visi- 
tors who  arrive  on  cruise  ships  dur- 
ing their  shore  visits  in  The  Bahamas. 
To  be  conservative,  we  assumed  that, 
during  1950-2010,  10%  of  all  visi- 
tors from  cruise  ships  consumed  lo- 
cal seafood  equivalent  to  1 plate-size 
snapper  during  their  visit  (i.e.,  0.31 
kg-visitor_1-trip_1). 


Results 
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Figure  3 

Reconstructed  catch  in  metric  tons  (t)  for  The  Bahamas  during  1950-2010 
by  (A)  fisheries  sector,  where  bars  indicate  ranges  of  uncertainty  for  1960 
(for  the  period  1950-1969),  1980  (for  the  period  1970-1989),  and  2000  (for 
the  period  1990-2010),  and  by  (B)  major  taxa.  In  graph  A,  the  dashed  line 
represents  official  landings  data  reported  to  FAO,  and  the  commercial 
sector  is  subdivided  into  the  artisanal  fishery  and  the  large-scale  fishery 
for  Caribbean  spiny  lobster  ( Panulirus  argus ).  For  a list  of  species  within 
each  taxon  shown  in  graph  B,  see  Smith  and  Zeller.5  In  both  graphs,  ar- 
rows indicate  the  period  when  changes  were  made  in  catch  limit  regula- 
tions for  tourists  engaged  in  recreational  fishing. 


Reconstructed  total  catch  from  1950 
through  2010  was  884,500  t,  a level 
that  is  2.6  times  the  336,190  t reported  by  FAO  for 
The  Bahamas.  Catches  increased  from  around  2300  t/ 
year  in  1950  to  a peak  of  24,700  t/year  in  1985  and  a 
second,  smaller  peak  of  22,200  t/year  occurred  in  2003, 
before  declining  to  18,600  t/year  by  2010  (Fig.  3A). 
Notably,  recreational  fishing  accounted  for  more  than 
half  of  the  reconstructed  total  catch  over  the  full  time 
period  (i.e.,  55%  or  490,100  t),  followed  by  the  large- 
scale,  commercial  Caribbean  spiny  lobster  (29%),  arti- 


sanal (12%),  and  subsistence  (4%)  fisheries  (Fig.  3A).  In 
contrast,  for  the  most  recent  decade  (i.e.,  2000-2010), 
recreational  catch  mainly  declined  but  still  accounted 
for  more  than  one-third  (i.e.,  39%)  of  the  reconstructed 
total  catch;  in  the  same  period,  a generally  increasing 
trend  was  observed  for  the  large-scale,  commercial  fish- 
ery for  Caribbean  spiny  lobster  (Fig.  3A). 

Reconstructed  total  catch  comprised  nearly  40  taxo- 
nomic groups  (for  details,  see  Smith  and  Zeller5;  sum- 
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Figure  4 

Demand  for  local  fishes,  measured  as  catch  in  metric  tons  (t),  driven 
by  tourism  by  both  stopover  visitors  and  visitors  who  arrived  by  cruise 
ship  in  The  Bahamas  during  1950-2010.  Arrows  indicate  periods  when 
changes  were  made  to  regulations  of  catch  limits  for  tourists  engaged  in 
recreational  fishing. 


marized  in  Fig.  3B).  Pelagic  gamefishes  accounted  for 
the  greatest  proportion  of  catch  during  1950-2010 
(41%),  followed  closely  by  Caribbean  spiny  lobster 
(35%),  and  queen  conch,  groupers,  and  snappers  each 
accounted  for  less  than  10%  of  total  catch  (Fig.  3B). 
Over  the  last  decade  (i.e.,  2000-2010),  however,  catch 
of  Caribbean  spiny  lobster  (51%)  has  surpassed  catch 
of  pelagic  gamefishes  (29%). 

Commercial  fishery 

Reconstructed  total  catch  during  1950-2010  by  the  ar- 
tisanal fishery  totaled  103,800  t,  increasing  from  560 
t/year  in  1950  to  a peak  of  3060  t/year  in  1994  before 
declining  to  just  under  2180  t/year  by  2010  (Fig.  3A). 
In  contrast,  catch  of  the  large-scale  fishery  for  Carib- 
bean spiny  lobster  during  1950-2010  totaled  257,400  t, 
accounting  for  71%  of  reconstructed  total  commercial 
catch  (i.e.,  catch  from  both  the  artisanal  fishery  and 
the  large-scale  fishery  for  Caribbean  spiny  lobster). 
Large-scale  commercial  catch  of  Caribbean  spiny  lob- 
ster increased  from  just  under  660  t/year  in  1950  to  a 
peak  of  nearly  10,900  t/year  in  2003,  before  declining 
slightly  to  10,200  t/year  in  2010  (Fig.  3A). 

Subsistence  fishery 

Reconstructed  subsistence  catch  totaled  nearly  33,100 
t during  1950-2010,  increasing  from  500  t/year  in  1950 
to  a peak  of  around  740  t/year  in  the  late  1960s,  before 
declining  to  590  t/year  in  2010  (Fig.  3A).  The  majority 
of  catch  (69%)  was  taken  by  residents  of  the  Family 
Islands,  despite  the  size  of  the  population  of  residents 
there  being  75%  smaller  than  that  of  the  resident  popu- 
lation on  the  more  developed  islands  of  New  Providence 
and  Grand  Bahama. 


Recreational  fishery 

Reconstructed  recreational  catch  for 
the  period  1950-2010  was  490,100  t;  of 
this  catch,  less  than  1%  (around  420  t) 
was  attributed  to  major  tournaments. 
Catch  increased  from  600  t/year  in 
1950  to  a peak  of  around  16,100  t/year 
in  1985,  before  declining  rapidly  to 
7300  t/year  in  1986  after  the  introduc- 
tion of  maximum  catch  limits  for  key 
taxa  for  visitors  who  fish  recreational- 
ly.  A second,  but  smaller  peak  occurred 
in  2006  at  9000  t/year  before  again  de- 
clining sharply  to  just  under  5700  t/ 
year  in  2010  because  of  revisions  made 
in  2007  to  the  recreational  fishing  reg- 
ulations for  visitors  (Fig.  3A). 

Tourist  demand  for  local  fishes 

Tourist  demand  for  local  fishes 
(through  recreational  fishing  and  from 
hotel  restaurants)  from  1950  through 
2010  totaled  661,800  t,  accounting  for  75%  of  recon- 
structed total  catches  in  the  entire  country  (Fig.  4).  The 
total  number  of  visitors  to  The  Bahamas  each  year  is 
in  the  millions,  and  visitors  have  outnumbered  the  res- 
ident population  by  an  order  of  magnitude  for  nearly 
half  a century  (Fig.  1).  It  is,  therefore,  not  surprising 
that  tourism  has  such  a sizeable  effect  on  fisheries  re- 
movals in  The  Bahamas.  Demand  increased  from  660 
t/year  in  1950  to  a peak  of  more  than  19,800  t/year 
in  1985  before  declining  to  9100  t/year  in  2010  (Fig. 
4).  Almost  two-thirds  of  this  demand  (435,900  t)  was 
driven  by  recreational  fishing  by  stopover  visitors,  and 
the  remainder  was  a result  of  seafood  consumption 
by  stopover  visitors  (34%)  and  by  visitors  from  cruise 
ships  (0.3%)  (Fig.  4).  Although  there  were  13%  more 
visitors  from  cruise  ships  than  stopover  visitors  during 
1950-2010,  it  is  not  surprising  that  less  than  1%  of  de- 
mand was  attributed  to  visitors  who  arrived  by  cruise 
ship,  given  that  only  a small  fraction  of  them  consumed 
local  seafood  and  that  none  fished  recreationally  dur- 
ing their  stay. 

Discussion 

Reconstructed  total  catches  were  2.6  times  the  landings 
reported  by  the  FAO  for  The  Bahamas.  The  magnitude 
of  the  discrepancy  between  our  reconstructed  estimate 
and  officially  reported  statistics  is  comparable  to  results 
from  reconstruction  studies  of  the  fisheries  of  other  small 
island  nations,  findings  that  ranged  from  a 1.2-fold  dif- 
ference in  the  case  of  the  Azores  (1950—2010;  Pham  et 
ah,  2013)  to  an  average  2.5-fold  difference  for  25  Pacific 
island  countries  and  territories  (Zeller  et  ah,  2015). 

In  our  study,  the  source  of  discrepancy  for  The  Ba- 
hamas was  twofold.  First,  only  commercial  landings 
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are  accounted  for  in  official  statistics,  a practice  that 
is  common  in  many  countries  as  a result  of  the  histor- 
ic focus  on  commercial  landings  for  economic  develop- 
ment purposes  (Ward,  2004).  The  lack  of  reporting  on 
noncommercial  sectors  is  justified  currently  by  real  or 
perceived  costs  and  difficulties  associated  with  quan- 
tifying spatially  dispersed  fisheries  (Zeller  et  al.,  2007, 
2015).  Even  official,  commercial  landings  statistics  for 
The  Bahamas  are  deficient  and  known  to  be  under- 
reported by  up  to  15%  per  year  for  some  taxa  (Table 
4).  The  second  and  more  important  cause  of  discrep- 
ancy is  that  catches  by  the  recreational  and  subsis- 
tence fisheries  are  substantial  and  missing  entirely 
in  national  statistics,  accounting  for  roughly  55%  and 
4%  of  reconstructed  total  catch  during  1950-2010,  re- 
spectively (Fig.  3A).  These  unreported,  noncommercial 
sectors,  therefore,  represent  major  sources  of  impact 
on  species  and  stocks  of  marine  resources  that  would 
never  be  accounted  for  if  one  considers  only  official 
data. 

Another  major  discrepancy  between  our  recon- 
structed estimate  and  official  data  is  the  year  in 
which  fisheries  catches  peaked.  According  to  our  re- 
construction, total  catches  peaked  in  the  mid-1980s, 
not  in  2003  as  indicated  by  FAO  national  data  (Fig. 
3A).  The  peak  in  reconstructed  catches  was  driven  by 
recreational  fishing  in  which,  before  1986,  no  maxi- 
mum allowable  catch  legislation  existed  for  tourists. 
The  primary  reason  for  this  legislation  was  that,  be- 
fore 1986,  tourists  were  thought  to  be  removing  large 
quantities  of  fish  from  the  waters  of  The  Bahamas 
by  essentially  engaging  in  commercial  fishing  “under 
the  guise  of  sport  fishing”  (Thompson,  1989).  Our  re- 
construction indicates  that  a second  peak  in  fisheries 
catches  did  in  fact  occur  in  2003,  but  at  more  than 
22,200  t/year  as  opposed  to  12,610  t/year  (Fig.  3A). 
This  second  peak  was  driven  by  increased  catches  in 
the  large-scale  commercial  fishery  for  Caribbean  spiny 
lobster,  where  the  annual  catch  totaled  nearly  11,000 
t in  2003.  The  fact  that  the  general  trend  in  the  re- 
construction for  The  Bahamas  differs  somewhat  from 
the  trend  that  was  based  on  officially  reported  sta- 
tistics is  common  among  reconstruction  studies.  For 
example,  the  synthesis  of  reconstructions  for  25  Pacific 
island  countries  and  territories  showed  that  there  was 
a distinct  and  significant  difference  in  the  time-series 
trends  between  reported  and  reconstructed  catches 
(Zeller  et  al.,  2015). 

The  fact  that,  in  1986  and  again  in  2007,  the  gov- 
ernment of  The  Bahamas  introduced  maximum  recre- 
ational catch  limits  for  key  taxa  for  tourists  indicates 
that  even  in  the  absence  of  quantitative  catch  statis- 
tics, there  was  (and  remains)  a local  perception  that 
catches  from  this  sector  are  substantial  and  in  need  of 
regulation  (Braynen6).  Indeed,  the  magnitude  of  esti- 
mated recreational  catches  from  1950  through  2010  is 
astounding  (55%  of  total  reconstructed  catch),  equat- 
ing to  1.4  times  the  commercial  catch  over  the  same 
period.  Although  recreational  catches  can  exceed  com- 
mercial landings  for  some  marine  fish  populations  (e.g., 


see  Schroeder  and  Love,  2002;  Coleman  et  al.,  2004), 
it  is  rare  for  recreational  catches  to  dominate  recon- 
structed estimates,  as  they  do  for  The  Bahamas.  In 
comparison,  recreational  catches  accounted  for  only  3% 
and  25%  of  total  removals  in  reconstruction  studies  of 
marine  fisheries  in  the  Baltic  Sea  (1950-2007;  Zeller 
et  al.,  2011b)  and  the  Azores  (1950-2010;  Pham  et  al., 
2013),  respectively.  Yet,  despite  their  significance,  rec- 
reational catches  remain  unaccounted  for  in  The  Ba- 
hamas, as  in  most  other  parts  of  the  world,  but  Freire 
et  al.  (in  press)  is  using  the  reconstruction  process  to 
estimate  catches  from  marine  recreational  fisheries  for 
126  countries  and  territories. 

Our  findings  debunk  the  notion,  at  least  for  The 
Bahamas,  that  catches  from  recreational  fisheries  are 
generally  relatively  small  and,  therefore,  negligible 
when  compared  with  the  catches  from  other  major  sec- 
tors. McClenachan  (2013)  makes  a similar  point  for 
the  Florida  Keys,  where  recreational  fishing,  driven 
primarily  by  the  tourist  industry,  has  contributed  to 
the  decline  of  vulnerable  nearshore  fishes.  Indeed,  our 
findings  take  on  added  importance  as  evidence  accu- 
mulates regarding  the  role  of  recreational  fishing  in 
the  exploitation  of  fish  populations  that  require  con- 
servation (Coleman  et  al.,  2004;  Cooke  and  Cowx,  2004; 
Shiftman  et  al.,  2014). 

The  magnitude  of  the  impact  of  tourism  on  fisheries 
removals  is  a concern.  A major  issue  is  the  open  ac- 
cess nature  of  recreational  fishing,  for  which  managers 
regulate  per  capita  maximum  allowable  catch  (at  least 
in  principle)  but  have  no  control  over  the  number  of 
visitors  that  fish  recreationally  (Coleman  et  al.,  2004). 
Because,  as  we  have  noted  previously,  total  visitors 
now  outnumber  resident  populations  in  many  small 
island  states  and  territories  in  the  wider  Caribbean, 
including  those  in  The  Bahamas  (Table  1),  trends  in 
tourist  demand  for  local  fish  (through  recreational 
fishing  and  seafood  consumption  in  local  hotels)  are 
similar  across  the  Caribbean.  Incomplete  or  missing 
reports  of  fisheries  removals  by  the  tourist  industry 
can  lead  to  inadequate  fisheries  management,  creat- 
ing a situation  in  which  continued  population  growth 
and  rising  fisheries  demands  by  residents  and  tour- 
ists could  place  unsustainable  pressures  on  fisheries 
resources. 

Numerous  studies  of  the  reconstruction  of  catch 
time  series  have  revealed  that  official  landings  data  for 
most  countries  are  incomplete  (e.g.,  Zeller  et  al.,  2006, 
2007;  Wielgus  et  al.,  2010;  Zeller  at  al.,  2011a,  2011b; 
Le  Manacli  et  al.,  2012;  Belhabib  et  al.,  2014;  Zeller  et 
al.,  2015).  The  results  of  this  study  clearly  illustrate 
that  The  Bahamas  can  be  added  to  the  growing  list  of 
countries  with  inadequate  reporting  and  highlight  the 
rare  situation  that  recreational  fishing  (primarily  driv- 
en by  the  tourist  industry)  dominates  reconstructed  to- 
tal catches.  This  rare  situation  is  worrisome  because  of 
its  obvious  implications  for  effective  conservation  and 
resource  management,  particularly  in  light  of  the  dual 
fisheries  demands  by  a burgeoning  tourist  industry  and 
a growing  resident  population. 
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